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Abstract
Preventing ASR occurrence in new concrete structures requires reliable and quick methods
to identify reactive aggregates and to evaluate proper mitigation alternatives. The current
accelerated mortar-bar expansion tests (ASTM C 1260 or ASTM C1567) and the concrete
prism expansion test (ASTM C 1293) have been reported to have several limitations.
Assessment of the extend of ASR damage in existing affected structures requires more
understanding on how ASR expansion and damage develop in field conditions such as under
confinements and under relatively slow rate of ASR reaction.
The significance of ASR expansion rate and bi-axial restrain on concrete degradation has
been investigated. Results show that degradation of mechanical properties are significantly
influenced by the rate of ASR expansion and slightly affected by confinement. Specifically,
slow rate of ASR expansion is beneficial in limiting concrete degradation while the direction
of restraint influences the crack orientation.
A quantitative petrographic characterization was conducted to predict the ASR reactivity
of Tennessee aggregates, mainly granite and limestone aggregates.

The reactivity of

limestone aggregates is strongly related to the amount of SiO2 . The silica content of 26
limestones show a strong correlation with the expansion in the concrete prism test. The
early and highly expansive limestones are characterized by a high clay/ mica content (>
5%). The reactivity of limestone aggregates is mainly caused by crypto/microcrystalline
quartz, chert, and finely disseminated silica in carbonate and clay/mica matrices.
The reactivity of granite aggregates is related to the microstructural features of the
minerals, namely the quartz grain size distribution and quartz grain boundaries. These
features can be quantified using image processing of combined polarized microscope images.
Grain size of quartz can only provide an indication of aggregate reactivity. The amount and
vi

distribution of quartz need to be considered to confirm aggregate reactivity and the potential
expansion of an aggregate. Results indicate that an increase in the amount of quartz <60 µm
shows a corresponding increase in the ASR expansion. Granite aggregates with more than
7% of quartz <60 µm exceed the expansion limits on both ASTM C1293 and ASTM C1260.
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Chapter 1
Introduction
1.1
1.1.1

Background
Alkali-Aggregate Reaction

Alkali-Aggregate Reaction (AAR) is the most recognized deterioration mechanism in
concrete. It is defined as a chemical reaction in portland cement concrete or mortar between
hydroxyl ions of the alkalies (sodium and potassium) from the hydraulic cement (or other
sources), and certain siliceous materials in some aggregates. Two types of AAR reaction
are currently recognized depending on the nature of the reactive mineral. Alkali-silica
reaction (ASR) is the most common one which involves several types of reactive silica such
as amorphous silica, cryptocrystalline and microcrystalline quartz, strained quartz, opal,
chert, and acidic volcanic glass. Alkali-carbonate reaction (ACR) involves certain types of
carbonate rocks such as argillaceous dolomitic limestone (Folliard et al., 2006; Thomas et al.,
2013). Both types of reaction, under certain circumstances, lead to deleterious expansion
and cracking of the concrete which consequently causes a reduction in the service life of
concrete structures.
The nature of ACR has been the subject of intense debate among researchers (Katayama,
1992; Swenson and Gillott, 1964; Gillott, 1963; Hadley, 1961; Guangren et al., 2002). It
is traditionally defined as a dedolomitization process of dolomite crystals associated with
considerable expansion, in which dolomite crystals react with alkalis in concrete to form
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brucite (Mg(OH)2 ), calcite (CaCO3 ), and alkali carbonate (Na2 CO3 or K2 CO3 )(Swenson
and Gillott, 1964; Gillott, 1963; Hadley, 1961; Guangren et al., 2002). However, recent
research indicated that the expansion and cracking of concrete made with ACR aggregates
are actually caused by the alkali-silica gel that is formed due to ASR between the alkalis in
concrete and cryptocrystalline quartz (invisible in thin section optical microscopy) present
in the argillaceous dolomitic limestone (Katayama, 2010, 2004).

1.1.2

Effect of ASR on Concrete Degradation

ASR causes formation of alkali-silica gel that can, under certain circumstances, lead to
abnormal expansion, cracking, and eventually a loss of mechanical properties of affected
concrete (Thomas et al., 2013). The formation of ASR gel and the subsequent expansion
in affected structures usually develops over several years or decades before damage (e.g.,
cracks) can be observed (Giorla et al., 2015). Evaluating the degree of ASR progress and
subsequent degraded mechanical properties of affected concrete is essential in developing
a reliable structural condition assessment considering in-service operation and structural
integrity of ASR-affected structures. Numerous studies have been conducted to investigate
the effect of ASR progress on the mechanical properties of ASR-affected concrete(Swamy
and Al-Asali, 1988; Giaccio et al., 2008; Ahmed et al., 2003; Jones and Clark, 1996; Batic
et al., 2004; Multon et al., 2005; Ben Haha, 2006; Fan and Hanson, 1998; Hafçi, 2013; Sanchez
et al., 2016; Sanchez, 2014; Na et al., 2016; Gautam, 2016; Esposito et al., 2016; Giannini
and Folliard, 2012). Most of these studies were conducted on free-expanding laboratory
specimens, under accelerated conditions, which might not necessarily represent the actual
conditions in the field. Results of the studies indicated that ASR expansion strongly impacts
the elastic modulus and tensile strength of concrete and slightly impacts the compressive
strength. However, it is difficult to predict how much reduction of properties can be expected
at a given ASR expansion level due to the high scatteredness of literature data, as shown
in Figure 1.1. This scatteredness can be attributed to many factors that can influence the
degradation trend of mechanical properties which include: concrete mix (Multon et al., 2005),
aggregate types and reactivity (Multon et al., 2005; Giaccio et al., 2008; Ahmed et al., 2003),
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expansion rate and magnitude(Giaccio et al., 2008), and restraint condition (Gautam, 2016;
Hayes et al., 2018; Clark, 1991).
On the other hand, the ASR progress in structures usually develops over years or even
decades under restraint and confined conditions imposed particularly by structural elements,
permanent loading, and reinforcement configurations. The relatively slow rate of ASR
development and confined conditions in field concrete could impact the degradation trends
of concrete and, hence, question the reliability of the degradation trends collected from freeexpanding specimens under accelerated conditions. The confinement condition tends to force
ASR-affected concrete to expand in the direction of least stress and produce ASR cracks with
preferred orientation, usually perpendicular to the least stress direction (Jones and Clark,
1996; Gautam, 2016; Hayes et al., 2018). The slow rate of ASR development might reduce
damage in concrete by allowing the concrete to develop its strength by hydration and mature
before the effects of ASR take place (Swamy and Al-Asali, 1988; Ahmed et al., 2003). The
creep of the cement paste also reported to liberate the slowly developed stress caused by
ASR gel pressure and limit the extent of ASR damage(Giorla et al., 2015). Thus, there is a
need to investigate the influence of the two major factors that are essential in field concretes
on the degradation trends of ASR affected concrete: ASR expansion rate and confinements.

1.1.3

Assessment of Aggregate Reactivity

Identifying the reactivity of an aggregate to ASR is one of the most efficient ways for
preventing damage in practice. Developing reliable testing methods for assessing aggregate
reactivity and preventive measures remain major challenges for concrete industry and new
concrete construction. A test method that is capable of assessing aggregate reactivity in
reasonable time and accurately predict field performance of concrete is needed. There are
several expansion tests that currently being used to best predict and measure aggregate
reactivity. The most commonly used methods are the mortar-bar test (ASTM C 1260)
and the concrete prism test (ASTM C 1293) (Rajabipour et al., 2015). In addition to the
two expansion methods, petrographic examination of aggregates (ASTM C 295) is usually
performed to provide supplementary information to the results of expansion tests. A brief
summary for these methods and their limitations are provided below.
3

(a) Elastic modulus

(b) Compressive strength

(c) Splitting tensile strength

Figure 1.1: Effect of ASR expansion on relative mechanical properties for unconfined
concrete. The gray area represents an envelope of the literature data which are collected
from Swamy and Al-Asali (1988); Giaccio et al. (2008); Ahmed et al. (2003); Jones and
Clark (1996); Batic et al. (2004); Multon et al. (2005); Ben Haha (2006); Fan and Hanson
(1998); Hafçi (2013); Sanchez et al. (2016); Sanchez (2014); Na et al. (2016); Gautam (2016);
Esposito et al. (2016); Giannini and Folliard (2012)
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In the ASTM C1260, mortar bar specimens (25 mm. (1 in.) x 25 mm. (1 in.) x 285
mm. (11 in.)) are cast after crushing and processing aggregate into a standard gradation
as fine aggregate . Mortar bars are cast and conditioned in water at 80 ◦C (176 F) for 24
hours and then placed in 1N NaOH solution at 80 ◦C (176 F) for 14 days. The expansion of
mortar bars is measured, in term of length change, periodically for 14 days. An aggregate
is classified as innocuous if the 14-day expansion is less than 0.10%, potentially reactive if
it is 0.10 to 0.20%, or reactive if it is greater than 0.20%. Although this test method is
commonly used as a quick tool to screen aggregate reactivity, it is widely criticized as too
severe for many aggregates (i.e. false-negative results) such as greywackes, lithic gravels,
some hornfelses, gabbros, or andesites (Fournier and Bérubé, 1993). A study conducted by
Folliard et al. (2006) showed that some aggregates have passed ASTM C1260 but exhibited
expansion and cracks in outdoor exposure blocks and also failed the concrete prism test (i.e.
false-positive results). The limitations and the poor reliability of this test are attributed to
the harsh conditioning environment imposed during testing to accelerate the ASR reaction,
and also to the process of crushing-washing aggregates prior testing which might result in
losing some reactive phases. Thus, it’s recommended that the ASTM C 1260 should not
be used solely for rejecting aggregates, and negative results should be confirmed by using
another more reliable test method (Touma et al., 2001).
The ASTM C1293 is often considered as the most reliable test in predicting aggregate
reactivity (Touma et al., 2001). In this test, concrete prisms (76 mm. (3 in.) x 76 mm. (3 in.)
x 285 mm. (11 in.))are prepared with a high alkali cement, and the alkali content of concrete
is further boosted by adding NaOH to the mixing water. Concrete prisms are cast and cured
at 23 ◦C (73 F) and high humidity for 24 hours, and then placed in sealed containers over
water at 38 ◦C (100 F) for one year. The expansion of concrete prisms is measured, in term of
length change, periodically during the one year period. An aggregate is classified as reactive
if the expansion after one year is grater than 0.04%. Despite the relatively good reliability
of this test, the high humidity and elevated temperature during conditioning accelerates
alkali leaching (Na and K ions) from prisms and subsequently underestimates the ultimate
expansion of aggregates (Stacey et al., 2016). In addition, the long duration of one year for
the test is one of its major drawbacks for practical concrete construction.
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Optical petrographic examination is another method that is often used to identify most
potentially reactive minerals present in aggregates for qualitative assessment of aggregate
reactivity. The test involves macroscopic description and microscopic analysis of aggregates
(or concrete) aided by thin sections or polished surfaces. One of the main constrains of
this test is that it requires an experienced and well-trained petrographer to interpret the
test results. In addition, the manual process of collecting quantitative results from this
method (i.e point counting for grain size measurements or minerals quantification) is very
tedious and time consuming and not practical for aggregate samples with high variation.
As a result, traditional petrographic examination is only used for providing supplementary
information about aggregate composition and types of reactive minerals present, and it
does not provide information about the expansion potentials and rates in concretes made
with reactive aggregates. Research is needed to improve the reliability of petrographic
examinations to accurately assess aggregate reactivity and concrete expansion.

1.1.4

Effect of Aggregate Mineralogical Composition on ASR

The presence of reactive forms of silica in an aggregate is the main driving force for alkalisilica reaction. Although silica, SiO2 , is a component of many rocks, however, not all forms
of silica react significantly with alkali in concrete, and therefore, not all aggregates with high
silica content are reactive. Thus, the alkali aggregate reactivity of an aggregate is attributed
to the type and amount of reactive silica minerals in aggregates (Anaç et al., 2012). The
degree of solubility of different forms of silica plays a major role in ASR progress. For
example, both quartz and opal are silica minerals with similar chemical composition (SiO2 ),
however, well crystalline quartz is relatively stable while opal is very reactive (Thomas
et al., 2013). The amorphous silica (i.e opal) has a high disordered structure which makes
it unstable at high pH environment. The amorphous structure provides preferable sites
for the hydroxyl irons (OH − ) to become part of the mineral structure and initiates the
dissolution, converting the Si-O-Si structure into Si-OH. Even crystalline structures (i.e
quartz) can contain disordered regions at locations of defects within the crystal lattices,
leading to increased mineral solubility in these regions (Thomas et al., 2013; Wigum, 1995).
Thus, the poorly crystalline silica minerals such as opal, cristobalite, volcanic and artificial
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glasses, contain a number of defects in their structure and, therefore, considered rapidly
reactive. On the other hand, different types of quartz such as microcrystalline quartz, or
strained quartz are often defect free or possess few defects and ,thus, considered less reactive
than amorphous silica.
The minimum amount of reactive silica within aggregates required to cause damage in
concrete is generally reported to be as low as 1 to 5% of aggregates mineralogical composition
(Anaç et al., 2012), but it also depends on whether the reactive silica is poorly crystalline
silica, cryptocrystalline and microcrystalline quartz, or strained quartz. Damage in concrete
can be initiated in few years when amorphous silica content is as low as 1% of aggregates
mineralogical composition (Thomas et al., 2013; Stanton, 1940). The amount of reactive
crystalline quartz to cause ASR damage in concrete seems to be related to the type and size
of crystals. The lowest amount of cryptocrystalline quartz (usually <4 µm in size (Sims and
Nixon, 2003)) required to cause damage is reported between 1% and 5% (Alaejos and Lanza,
2012). Limits for reactive aggregates containing microcrystalline quartz (usually 4 − 60 µm
in size (Sims and Nixon, 2003)) are set at 15% by US Army Corps of Engineers (Alaejos and
Lanza, 2012) and at 20% by Norway (Wigum, 2006). The limits for reactive minerals within
aggregates seem to vary between countries as reported by Alaejos and Lanza (2012).
The type of reactive silica minerals present in an aggregate seems to depend on the rock
type, whether it’s igneous, sedimentary, or metamorphic rock. For example, the reactivity of
igneous rocks such as volcanic basalts, andesites, and rhyolites is attributed to the presence
of rhyolitic glass and secondary minerals (such as altered opal or chalcedony)(Alexander
and Mindess, 2005; Fernandes et al., 2013), or the presence of quartz <100 µm in granite
aggregate(Gogte, 1973). Deleterious reactivity of reactive sedimentary rocks (i.e greywacke,
sandstone/siltstone, argillite, or siliceous limestone) is attributed to the presence of opaline
silica, microcrystalline or crypto-crystalline silica forms , or chalcedony and moganite
(Fernandes et al., 2013). The reactivity of metamorphic rocks (i.e phyllite, schist, mylonite
and cataclasite) is attributed to the presence of fine grain quartz (i.e grain size of <100 µm)
such as in meta-greywacke and phyllite, and also the occurrence of strain in quartz crystal
lattice as a result of quartz deformation, such as in mylonite and cataclasite (Fernandes
et al., 2013).
7

1.1.5

Effect of Aggregate Microstructural Features on ASR

The study of thin sections of rocks under optical microscope (originally named as
petrographic examinations) reveals important physical and structural characteristics that
define the microstructure of a rock. This includes information about the rock forming
minerals, grain size and porosity, orientation of mineral crystals, presence of foliation,
microcracks, and so many other characteristics. In the geological field, the study of rocks
microstructure can provide essential information about the structural and metamorphic
history of a rock and also can provide more understanding about the deformation and
metamorphic process that the rock has experienced (Trouw, 2005).
The contribution of microstructure features of reactive silica minerals to ASR reactivity of
quartz-bearing aggregates was investigated since the mid fifties (Brown, 1955; Mielenz et al.,
1958). Rather than identifying reactive and non-reactive silica minerals within aggregates
as a sole contributor to ASR reactivity, Gogte (1973) suggested that the textural features
observed in silica minerals be considered as well. Most of these features are produced
mainly by the process of rock deformation which occurs due to changes in temperature
and pressure as they increase with earth0 s crust depth (Trouw, 2005). This deformation can
lead to bent and broken of mineral crystals, dislocated zones of silica in deformed quartz,
reduction in grain size (cataclasis) and the development of foliation (schistosity)(Kerrick
and Hooton, 1992). As a result, several microstructural features can be observed in thin
sections petrographic examinations which include: undulatory extinction for strained quartz,
formation of micro- to crypto-crystalline quartz, deformation bands, fibrous extinction,
lamellae and subgrain development, and foliations, as shown in Figure 1.2.
Several studies have been conducted to address which of these features have the major
contribution to the reactivity of quartz-bearing rocks and to subsequently use findings to
provide an accurate and reliable evaluation of aggregate reactivity (Wigum, 1995; Monteiro
et al., 2001; Wenk et al., 2008; Alaejos and Lanza, 2012; Ramos et al., 2016). Summary of
examinations of these features is provided below.
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(a) Undulose extinction in quartz

(b) Dynamic recrystallization in quartz

(c) Formation of a subgrain boundary

(d) Foliations defined by parallel crystals of
biotite

Figure 1.2: Common microstructural features in rock (Trouw, 2005)
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Undulatory extinction angle of strained quartz
Undulatory extinction is a common microscopic feature observed in quartz that has been
subjected to deformation processes after its formation (i.e strained quartz). This feature is
formed as results of dislocation of optical arrangements in the lattice of crystalline silica under
mechanical deformation of rocks (Gogte, 1973). A greater intensity of undulatory extinction
is an indication of severe quartz deformation (West, 1991). This feature is observed under
crossed polarized microscope as a dark extinction band that moves over quartz crystal as the
microscope stage is rotated, as shown in Figure 1.2(a). Undulatory extinction is considered
by several researchers as one of the factors that contributes to the reactivity of strained
quartz. The strain in quartz lead to weakening of the silicon-oxygen bond and ,thus, cause
quartz reactivity (Gogte, 1973). Dolar-Mantuani (1981) developed a method to quantify the
undulatory extinction of strained quartz by measuring a parameter known as Undulatory
Extinction Angle (UEA) and related it to rock reactivity. The UEA can be defined as the
angle between the first and last appearance of the dark extinction band that appears while
rotating the stage. However, the use of this parameter for evaluating rocks reactivity was
debatable in the literature.
Gogte (1973) observed a relatively high reactivity of mortar bars made with granites and
granodiorites containing 35 - 40% strained and fractured quartz with UEA values between
18◦ to 27◦ ; a relatively low reactivity was observed with 25-35% strained quartz with UEA
values between 10◦ to 24◦ ; and no reactivity was observed in rocks with less than 20% strained
quartz. Buck (1983) also reported that a rock containing more than 20% strained quartz
with UEA value grater than 15◦ was considered to be reactive. On the other hand, several
researchers questioned the reliability of the UEA for detecting aggregate reactivity. GrattanBellew (1987) argued that the reactivity of rocks with high UEA values might be due to the
presence of microcrystalline quartz rather than the strained quartz. West (1991) reported
that the undulatory extinction is vary in nature and it is difficult to measure the UAE with
precision, and also questioned whether a high UAE values in quartz is a true indicator of
aggregate reactivity. Thomson and Grattan-Bellew (1993) addressed that using undulatory
extinction angles alone as an indication of quartz deformation might be misleading as this
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feature disappears when quartz is subjected to large deformations. Therefore, the UAE can
provide an incorrect estimation of potential reactivity. In general, researchers argue that the
undulatory extinction can be used as a possible indicator of aggregate reactivity rather than
a diagnostic feature of reactivity.
Occurrence of micro- to crypto-crystallinity quartz
Microcrystalline is a term that used in petrographic examination to describe fine grained
quartz crystals under microscope, generally between 4 − 60 µm in size. The quartz crystals
smaller than 4 µm are undetectable under petrographic microscope and referred to as
cryptocrystalline (Sims and Nixon, 2003). The presence of microcrystalline quartz is a
common petrographic feature that observed in deformed rocks. This feature is formed as
a result of the process of dynamic recrystallization of strained quartz due to high strain
deformation. The process causes a grain size reduction in strained quartz and transformed
it into a fine-grained unstrained quartz called microcrystalline quartz (Kerrick and Hooton,
1992), as shown in Figure 1.2(b). The presence of microcrystalline quartz was addressed
by several researchers as a factor that contributes to reactivity of quartz-bearing rocks.
Grattan-Bellew (1987) suggested that reactivity of quartz-bearing rocks may be attributed
to the presence of microcrystalline quartz rather than the strained quartz. This idea was
investigated by Kerrick and Hooton (1992) and Shayan (1993). They concluded that the ASR
reactivity of quartz-bearing rocks occurs mainly at the grain boundaries of microcrystalline
quartz as it contains pore spaces for alkaline concrete fluid to penetrate and react with the
finely divided quartz.
Other researchers attributed the reactivity of microcrystalline quartz to the grain size
of the crystals.

Thomson and Grattan-Bellew (1993) reported that the solubility of

microcrystalline quartz increases as the grain size decreases, and the size of higly soluble
fine quartz was reported to be below 100 µm. Wigum (1995) demonstrated, in a study
of cataclastic rocks, that the grain size reduction of quartz promotes aggregate reactivity
by increasing the total grain boundary area of quartz (i.e increasing the surface area for
the reaction) , and also by increasing the sub-grain development which is associated with
high dislocation density. Alaejos and Lanza (2012) investigated the reactivity of quartzites
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aggregates containing different quartz crystal sizes (0 − 10 µm; 10 − 60 µm; 60 − 130 µm)
and observed that the expansion on mortar bar is mainly driven by the content of quartz less
than 60 µm. There is strong agreement among researchers that the presence of fine quartz
enhances reactivity of quartz-bearing rocks considerably.
Sub-grain development (polygonization) in quartz
The deformation of crystal lattices results in dislocation of optical directions within a
crystal structure which causes an undulatory extinction when viewed under crossed polarized
microscope. Under further deformation the dislocations within a crystal tend to migrate and
form walls of organized dislocations within the crystal known as sub-grain boundaries as a
product of the recovery process (Vernon, 2018), see Figure 1.3. Suppe (1985) evaluated
the degree of sub-gain development (polygonization of a crystal) based on the feature of
undulatory extinction. Suppe (1985) suggested that a smooth movement of undulatory
extinction across a deformed crystal is an indication of little or no polygonization. However,
if the extinction moves as steps across a crystal, the crystal is considered polygonized at
an optical scale. The small areas of homogeneous extinction is called a subgrain, and their
boundaries are considered subgrain boundaries.
Zhang et al. (1990) used analytically transmission electron microscopy (TEM) to
investigate the source of reactivity within reactive aggregates. They observed that the
reactivity of mortar bar specimens is influenced by the large areas of grain boundary of
a smaller quartz grain sizes and the high density of dislocation present within many of
these grains (i.e sub-grain boundaries). Thomson and Grattan-Bellew (1993) also concluded
that the most reactive component in quartz bearing rocks, such as a metamorphic schist
or gneiss, seemed to be the microcrystalline quartz that had undergone significant subgrain
development, but with partial recrystallization. This was also observed in an investigation
conducted by Wigum (1995) on several microstructural features of reactive Norwegian
cataclastic rocks. Wigum (1995) observed that the reactivity of these rocks is greatly
correlated to the total grain boundary area of quartz, which is strongly influenced by the
sub-grain development.
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Figure 1.3: “(a) Schematic illustration of the recovery process. Dislocations distributed
over the crystal give rise to undulose extinction (top). Recovery causes concentration of
dislocations in deformation bands (middle), and eventually the formation of a subgrain
boundary (bottom). (b)Subgrains in quartz (horizontal). Quartzite, Mt Isa, Australia.
Width of view 1.8 mm. CPL“(Trouw, 2005)
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Development of foliation
Foliation is the occurrence of composition layering and/or parallel alignment of minerals
that is commonly observed in rocks with significant deformation, Figure 1.2(d). Foliations
can also develop during the formation of sedimentary rocks as a result of preferred settling
of platy clay particles parallel to the bedding planes (Trouw, 2005). These features are
commonly seen under the microscope as well as in hand samples (Vernon, 2018).
The development of foliation has been considered as a significant indicator of rock
deformation as well as an important contributor to rocks reactivity. Kerrick and Hooton
(1992) indicated that the reactivity mylonites rocks depends on the degree of foliation
(schistosity) of the rock, besides the contribution of microcrystalline quartz. They suggested
that foliation allows quick path for the ingress of alkali solution to reactive silica and thus
enhances the reactivity. This was also investigated in a study by Monteiro et al. (2001)
on the effect of aggregate deformation on the alkali-silica reaction . Monteiro et al. (2001)
investigated rocks with the same bulk chemical and mineralogical compositions but with
different degrees of deformation, and strong correlation between expansion (mortar-bar test)
and the development of foliation (preferred crystals orientation) was observed. This suggests
that aggregate reactivity may depend on other factors than simply the features of quartz.
Correlations between microstructural features and aggregate reactivity
An investigation conducted by Wigum and Lingard (1994) has revealed that no significant
correlation exists between the petrographic mineralogical composition of Norwegian aggregates and expansion results obtained on the mortar-bar test. It has also been recognized
that the reactivity of some rocks, namely the quartz-bearing rocks, is dependent on the
microstrcture features of rocks rather than their petrographic mineralogical composition
(Wigum, 1995). Thus, great attention has been given to the contributions of these features
on the ASR reactivity of aggreagtes. Several studies have been focused on establishing
correlations between the microstructural features of reactive components (e.g. undulatory
extinction angle, quartz crystal size, grain boundary, foliations) in aggregates and the
expansions measured in laboratory specimens. Such correlations will be essential to improve

14

and provide an accurate evaluation of aggregates reactivity based on petrographic and
microscopic examinations .
Some of established correlations between microstructure features of reactive components
and aggregate reactivity are summarized in Table 1.1. It can be concluded that the most
significant features that contribute to reactivity of quartz-bearing rocks appear to be the
grain boundary area of quartz, the crystals size of quartz, and the amount of microcrystalline
quartz. The significance of these features can be explained as follows: the deformation of
crystal lattices of quartz results in dislocation of optical directions within a crystal structure
which causes an undulatory extinction when viewed under crossed polarized microscope.
Under further deformation the dislocations within a crystal tend to migrate and form walls
of organized dislocations within the crystal known as sub-grain boundaries which eventually
leads to grain size reduction of quartz crystals (i.e formation of microcrystalline quartz)
(Vernon, 2018), as shown in Figure 1.3. This process increases the dislocation density
within crystal lattice of quartz (i.e sub-grain boundaries) and, thus, increases the solubility
(reactivity) of deformed quartz as a result of high free energy state in these boundaries
(White, 1979; Wenk et al., 2008). Thus, the formation of microcrystalline quartz and
subgrain development seem to correlate very well with aggregate reactivity. Nevertheless,
other factors such as foliation can enhance the reactivity of aggregates by providing quick
paths for the ingress of alkali solution to reach reactive silica.
Although the microstructural features of quartz can provide valuable information about
aggregate reactivity, the conventional techniques for measuring and quantifying these
features such as point-counting under polarized microscope have been criticized as time
consuming, very tedious, and most importantly it requires an experienced petrographer
to carry out the process (Wigum, 1995; Castro and Wigum, 2012b).

Image analysis

techniques can provide a quick, reliable, and automated procedures for evaluating aggregate
microstructural features, and thus provide an alternative to the conventional petrographic
techniques. In addition, the correlations between microstructural features and aggregate
reactivity were mostly established based on the results from mortar-bar expansion test
(ASTM C1260) which is considered as not reliable for many types of aggregates as discussed
in Section 1.1.3 .
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Table 1.1: Established correlations between microstructural features and reactivity
Reference

Wigum (1995)

Wigum (1995)

Monteiro et al. (2001)

Wenk et al. (2008)

Alaejos and Lanza (2012)

Ramos et al. (2016)

Ramos et al. (2016)

Dependent variable

Independent variable

Y

X

14-day

Inverse of the mean

mortar expansion

grain-size of quartz

14-day

Total grain boundary

mortar expansion

area of quartz

14-day

Crystals orientation

mortar expansion

of biotite

14-day

Dislocation density

mortar expansion

within quartz grains

14-day

Equivalent Reactive

mortar expansion

Quartz(ERQ,%),

14-day

Microcrystalline quartz

mortar expansion

content%(<60 µm),

14-day

Undultory extinction

mortar expansion

angle(UAE)

Correlation
y = 0.0751Ln(x) − 0.0493
(R2 = 0.72)
y = 0.0725Ln(x) − 0.4143
(R2 = 0.89)
Significant correlation

Significant correlation
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y = 0.0392x
(R2 = 0.66)
y = 0.0026x + 0.0233
(R2 = 0.41)
y = 0.0007x + 0.0169
(R2 = 0.0882)

Therefore, correlations based on a reliable test such concrete prism test (ASTM C1293)
might contribute to the development of alternative methods and procedures for engineering
practice.

1.2

Research Objectives and Scope

The work presented in this dissertation is part of two research projects that aimed at
combating the occurrence alkali-silica reaction in new concrete construction in the state
of Tennessee (USA) and improving the diagnostic tools to assess the condition of ASRaffected structures. Identifying the reactivity of an aggregate to ASR is one of the most
efficient ways for preventing ASR in new concrete. Unfortunately , and after more than half
a century of research on this topic, there is still a need for a test method that is capable of
assessing aggregate reactivity in a reasonable time and accurately predict field performance
of concrete. In addition, more understanding on the contribution of field conditions (such
as confinement and ASR development rate) on the degradation of ASR-affected concrete is
required for better assessment of existing structures. Thus, the main objectives of this study
aim to the followings:
1. Contribute to the improvement of assessment techniques to identify aggregate reactivity and expansion potential based on quantitative petrographic and mineralogical
characteristics of aggregates. This will be achieved by investigating the influence of
aggregate minerology, chemistry, and microstructural features on aggregate reactivity
and the rate of ASR expansion using wide range of reactive aggregates that is typical
used for concrete construction in the state of Tennessee, USA. Novel characteristics
limits for a non-reactive, slowly reactive , or highly reactive aggregates will be suggested
for common used aggregates within the state of Tennessee. Unlike previous studies,
results from reliable expansion test such as the concrete prism test (ASTM C1293) will
be used, and also advanced techniques such as image processing will be applied for
analysis. A dissolution experiment to further advance the understanding of minerals
dissolution behavior in alkaline environment was proposed for future studies.
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2. Contribute to the understanding of the influence of confinement and ASR expansion
rate on the degradation of mechanical properties of ASR affected concrete. This
is achieved by conducting a testing program involving concrete samples made with
aggregates that have different expansion rates and cast in different confined conditions.
Literature data is collected and analyzed to establish a novel concrete degradation
trends as a function of different rates of ASR expansion.

1.3

Dissertation Outline

This dissertation consists of five chapters.

Chapter 1 provides an introduction to the

dissertation content and the research objectives and scope.

Chapter 2 describes the

experimental testing program and analysis of literature data to assess the influence of ASR
expansion rate and confinement on concrete degradation. Chapter 3 describes the results
of testing program conducted on 26 limestones samples and the significant correlations that
were developed to provide a new method for assessing the reactivity of Tennessee limestones.
Chapter 4 focuses on characterization of granite aggregate using image processing of polarized
microscope and electron microprobe images to assess the reactivity of granite aggregates.
The major scientific contribution of this research and the proposed future studies are then
summarized in Chapter 5.
The following chapters of this dissertation are organized to assemble separate manuscripts
that have been already submitted to peer-reviewed journals or will be submitted. The list
of manuscripts is:
1. Abd-Elssamd, Ammar, Zhongguo John Ma, Yann Le Pape, Nolan Hayes, and
Guimaraes, M. (2020).

”Effect of Alkali Silica Reaction Expansion Rate and

Confinement on Concrete Degradation”. ACI Materials Journal, 117(1).
2. Abd-Elssamd, Ammar, Zhongguo John Ma, Hugh Hou, and Yann Le Pape. ”Influence
of mineralogical and chemical compositions on alkali-silica-reaction of Tennessee
limestones.” Construction and Building Materials 261 (2020): 119916.
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3. Image Processing Characterization of Granite Aggregates from Tennessee to Predict
their ASR Potential , (will be submitted)
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Chapter 2
Effect of Alkali-Silica Reaction
Expansion Rate and Confinement on
Concrete Degradation
2.1

Introduction and Research Significance

Alkali-silica reaction (ASR) is a well recognized deterioration mechanism in concrete which
occurs as a result of a chemical reaction between alkalis within concrete (from cement
and other alkali supplies sources) and certain aggregates containing reactive silica-bearing
minerals such as chert, opal, volcanic glass,and microcrystalline quartz (Thomas et al., 2013).
This reaction causes the formation of alkali-silica gel that can, under certain circumstances,
lead to abnormal expansion, cracking of the concrete, and eventually causes loss of mechanical
properties of affected concrete. This process of ASR gel formation and subsequent expansion
in affected structures usually develops over several years, if not decades, before damage (e.g.,
cracks) can be observed (Giorla et al., 2015). Evaluating the degree of ASR formation and
subsequent degraded mechanical properties of affected concrete is essential to developing
a reliable structural condition assessment considering in-service operation and structural
integrity of ASR-affected structures.
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During the past two decades, extensive studies have been conducted on the effect of ASR
on the loss of mechanical properties of free-expanding laboratory specimens under accelerated
conditions, namely the reduction of elastic modulus,and compressive and tensile strengths
(Swamy and Al-Asali, 1988; Giaccio et al., 2008; Ahmed et al., 2003; Jones and Clark, 1996;
Batic et al., 2004; Multon et al., 2005; Ben Haha, 2006; Fan and Hanson, 1998; Hafçi, 2013;
Sanchez et al., 2016; Sanchez, 2014; Na et al., 2016; Gautam, 2016; Esposito et al., 2016;
Giannini and Folliard, 2012). Despite the overall reduction trend of mechanical properties
as a function of ASR expansion, it is difficult to predict how much reduction of properties
can be expected at a given expansion level. This challenge can be attributed to many factors
that can impact the degradation trend which include concrete mix (Marzouk and Langdon,
2003), aggregate types and reactivity (Ahmed et al., 2003; Giaccio et al., 2008; Swamy and
Al-Asali, 1988), expansion rate and magnitude (Giaccio et al., 2008), and restraint condition
(Hayes et al., 2018; Clark and Ng, 1992; Gautam, 2016).The effects of the concrete mix was
investigated by (Marzouk and Langdon, 2003) in a study comparing the impact of ASR on
normal and high strength concretes. The improved properties of high strength concrete such
as the low permeability and dense micro-structure seem to limit the reduction of mechanical
properties by limiting the mobility of alkali ions and subsequent ASR damage(Marzouk and
Langdon, 2003). Further more, the degree of aggregate reactivity might also have an impact
on the degradation trends. For similar concrete mixes, specimens with moderately or slowly
reactive aggregates showed much less reduction in the mechanical properties compared to
specimens made with highly reactive or fast expanding specimens. Limited studies conducted
by (Hayes et al., 2018; Clark and Ng, 1992; Gautam, 2016) suggested that the magnitude
and direction of imposing confinement can result in anisotropic ASR damage which can
negatively or positively impact the degradation based on cracks orientations.
In addition to these factors, the main question still exists whether the results from
accelerated conditions under free-expansion can represent the behaviour of field concrete.
The ASR in structures develops over years or even decades under restraint and confined
conditions which are imposed notably by structural elements, permanent loading, and
reinforcement configurations. The influence of the expansion rates and confinements on the
degradation trends of mechanical properties of ASR affected was not sufficiently addressed
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as the majority of the studies were focusing on free-expansion specimens. The restraint
associated with field structures has a strong impact on the behavior of ASR affected
structures (Jones and Clark, 1996).

ASR concretes under confined conditions tend to

expand in the direction of least stress, and consequently the ASR cracks will be mostly
oriented perpendicular to that direction. Jones and Clark (1996); Gautam (2016); Barbosa
et al. (2016) observed that the compressive strength and elastic modulus of ASR concretes
are significantly affected by direction of confinements and crack orientation, core samples
extracted from the direction of confinement showed higher values than those extracted
perpendicular to the confinement. In addition, the rate of ASR plays a major role in the
ASR damage progress and subsequent degradation of mechanical properties (Swamy and
Al-Asali, 1988). Two additional time-dependent mechanisms concurrently take place during
ASR development: the maturity development caused by cementitious material hydration and
creep. When ASR-induced expansion develops at a relative slow rate, the ongoing cement
hydration can contribute to the offset of ASR damage by allowing the concrete to develop
its strength and mature before the effects of ASR take place (Swamy and Al-Asali, 1988;
Ahmed et al., 2003). The creep of the cement paste can also influence ASR damage progress
as investigated by Giorla et al. (2015): creep can play a major role in relaxing the slowly
developed stresses induced by ASR gel pressure, consequently reducing the extent of ASR
damage. Increased damage is observed when the rate of ASR reaction increases.
As there are many factors that can influence the degradation trend of mechanical
properties of ASR-affected concrete, this study focuses on two major factors that are essential
in field concretes which are the ASR expansion rate and confinements. The main goal
of this thesis is to establish a trend between the degradation of mechanical properties of
ASR affected concrete , namely the reduction of compressive strength, elastic modulus,
and tensile splitting strength, and the measured expansion of concrete based solely on the
expansion rate and confinement conditions and regardless of mix design and conditioning
regimes. This thesis includes two sections: (1) new experimental data on the effect of ASR
on the mechanical properties of confined concrete coupled with the effects of the rate of ASR
development are presented, (2) data collected from literature on the reduction of mechanical
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properties with ASR expansion are collected and analyzed to investigate the influence of the
rate of ASR expansion and confinement on the degradation trends.

2.2
2.2.1

Testing Program
Testing Protocol

A testing program was conducted on 4 × 8 in.(100 × 200 mm) cylinders cast with two types
of reactive aggregates, slowly reactive and highly reactive, and under two types of conditions,
biaxial confinement(confined) and free-expanding (unconfined). Two types of aggregate
reactivity were selected to assess the influence of relatively slow and quick ASR development
on concrete degradation. The lateral confined condition forced the ASR expansion to develop
parallel to the casting direction only, while under the unconfined condition, expansion
occurs in all directions. Studied mechanical properties include compressive strength, elastic
modulus, and tensile splitting strength. The loss of mechanical properties caused by ASR
development was evaluated at different expansion levels (i.e., low expansion <0.1%, moderate
expansion 0.1%–0.15%, and high expansion 0.2%–0.3%). Non-reactive samples were prepared
to serve as control experiment specimens.

2.2.2

Materials

Aggregates used to cast the mixtures include a highly-reactive limestone coarse aggregate
from Clarkesville, Tennessee (HRC), a slowly-reactive limestone coarse aggregate from
Caryville, Tennessee (SRC), a non-reactive limestone coarse aggregate from Blountville,
Tennessee (NRC), and a non-reactive natural sand from North Carolina (NRF). Table 2.1
shows the aggregate reactivity based on the results from ASTM C1260 mortar-bar test and
ASTM C1293 concrete prism test. Type I Portland cement with a relatively high equivalent
alkali content (1.04% Na2 Oeq ) was used.
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2.2.3

Mix Design

A total of 150 cylinders, 4 by 8 inch in size (100x200 mm), were cast from the three
different mixtures: highly reactive (HR), slowly-reactive (SR) and, non-reactive (NR). The
first mixture (HR) was cast with HRC and NRF aggregate; the second mixture (SR) was
cast with SRC and NRF aggregate; and the third mixture was cast with NRC and NRF to
serve as a control mix. All mixtures were alkali boosted, by adding a 50% (weight/weight)
sodium hydroxide solution (NaOH) to increase the alkali content of concrete to 10.6 lb yd−3
(6.30 kg m−3 ) (1.50% Na2 Oeq by mass of cement) to accelerate ASR. The water-cement ratio
(w/c) was 0.5 for all three mixtures. The mixture proportions for the ASR specimens are
provided in Table 2.2.

2.2.4

Specimens Casting and Preparation

Five groups of cylinders were prepared from concrete batches of the HR, SR, and NR
mixtures. The five groups include: non-reactive cylinders to serve as control specimens
(Control-NR), confined slowly-reactive (CON-SR) cylinders, unconfined slowly-reactive
(UNC-SR) cylinders, confined highly-reactive (CON-HR) cylinders, and unconfined highlyreactive (UNC-HR) cylinders. The Control-NR, UNC-SR, and UNC-HR cylinder specimens
were removed from casting molds 48 hours after casting. The confined specimens, CON-SR
and CON-HR, were cast and kept in relatively rigid steel cylinders with a 1/4 in. (6.4 mm.)
wall thickness until testing dates. The confinement condition was selected to develop ASR
expansion mainly in the vertical direction, while the unconfined specimens were allowed to
expand in all directions, see Figure 2.1. A release agent (WD-40) was applied to the internal
surface of steel cylinders to minimize the concrete friction with steel during ASR expansion.
The evolution of the elastic modulus, compressive strength and splitting tensile strength with
ASR was measured by following ASTM C469, ASTM C39 and ASTM C496, respectively.
The loss of mechanical properties and the expansion of the cylinders were evaluated at
different expansion levels: low expansion < 0.1%, moderate expansion 0.1%–0.15%, and
high expansion 0.2%–0.3%.
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Table 2.1: Aggregate reactivity

Aggregate

Type

ASTM C1260

ASTM C1293

Expansion

Expansion

(14 days) %

(1 year) %

Reactivity

HRC

Coarse

0.35

0.26

Highly-Reactive

SRC

Coarse

0.18

0.14

Slowly-Reactive

NRC

Coarse

0.06

0.03

Non-Reactive

NRF

Fine

0.04

0.03

Non-Reactive

Table 2.2: Design proportions of concrete mixtures
Quantity, lb yd−3 (kg m−3 )
Materials
HR

SR

NR

Cement

708 (420)

708 (420)

708 (420)

Water

354 (210)

354 (210)

354 (210

50% NaOH solution

8.4 (4.98)

8.4 (4.98)

8.4 (4.98)

HRC (oven dry)

1769 (1049)

-

-

SRC (oven dry)

-

1823 (1081)

-

NRC (oven dry)

-

-

1836 (1089)

NRF (oven dry)

1054 (625)

1054 (625)

1054 (625)

W/C

0.5

0.5

0.5

Note: Aggregate quantities are given for oven-dry materials. Water quantities assume aggregates in
saturated-surface dry (SSD) condition.
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Companion specimens were cast to assess the potential expansion of concrete mixtures as
well as the weight variations during conditioning. The companion specimens include 4 × 8
in. (100 × 200 mm) plastic cylinders for unconfined condition, 4 × 8 in. (100 × 200 mm)
steel cylinders for confined condition, and 3 × 3 × 11 in. (76.2 × 76.2 × 279.4 mm) prisms.
The companion specimens were instrumented with stainless steel gauge studs at both ends to
measure the linear expansion along casting direction and perpendicular to casting direction
for cylinders and prisms respectively, see Figure 2.2.

2.2.5

Curing and Conditioning

On March 28, 2017, a total of 150 cylinders were cast, and then covered and stored in an
indoor environment at 65 - 75◦ F (18 - 24◦ C) and 55 - 60 % relative humidity (RH) for 48 hours
prior to de-molding and initial length measurement. Following initial length measurements,
cylinders were stored in an environmental chamber maintained at 73 ± 2 ◦ F (23 ± 1◦ C) and
85 ± 5% RH for 28 days. This initial conditioning regime was selected to prevent (or to
minimize) ASR development while allowing concrete hydration process to advance at 7 and
28 days without ASR damage (i.e. without ASR expansion). Temperature within the curing
chamber was increased to 100◦ F (38◦ C) after taking readings on April 25, 2017 (Day 30).
The cylinders were conditioned in containers lined internally with absorbent material with
1 in. (25 mm) depth of water at the bottom. The cylinders were placed on a perforated
rack at a height of 2 in. (50 mm) above the bottom of the container. The container setup
was selected to maintain greater than 95% RH condition for the cylinders, similar to ASTM
C1293 conditioning. The accelerated conditioning was selected to attain the target ASR
expansion levels between 0.05% to more than 0.35% within 15 months. During the last
two weeks of accelerated conditioning, the temperature of confined cylinders (CON-HR and
CON-SR) was increased to 140◦ F (60◦ C) to attain high expansion levels. This was achieved
by storing containers with confined cylinders in an oven at 140◦ F (60◦ C).
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Figure 2.1: Casting molds for confined (dark color) and unconfined cylinders (light color)

Figure 2.2: Companion specimens for expansion: casting directions and measurement
directions.
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2.2.6

Expansion and Concrete Properties Measurement

Expansion of companion specimens was monitored weekly during the first two months then
monthly until target expansions were achieved. Before taking measurement, containers were
removed from chamber and placed in a room at 65-75◦ F and 55 -60% RH for 24 hours.
This allowed specimens to reach a condition close to the condition at the first reading (Day
2). Then, specimens were wiped with tissue paper and measured for weight and expansion.
Target average expansions for slowly-reactive cylinders were 0.05%, 0.10%, 0.15% (±0.02%),
and greater than 0.15%. For the highly-reactive cylinders, the target expansion levels were
0.15%, 0.25%, 0.30%, 0.35%, and greater than 0.35%. Once the desired expansion value was
reached on the companion cylinders, five cylinders were removed from chamber for concrete
properties testing: three cylinders for compressive strength and modulus of elasticity, and
two cylinders for splitting tensile strength. The unconfined cylinders containers were placed
in a room at 65–75◦ F and 55 -60% RH for 24 hours before testing. The steel confinement
around confined cylinders was removed using diamond cutting saw after 24 hours from taking
the cylinders out of chamber. Then, cylinders were placed in a room at 65–75◦ F and 55–60%
RH for another 24 hours to relax stresses from confinement before testing.

2.3
2.3.1

Results
Weight and Expansion Measurements on Companion Specimens

The evolution of weight and longitudinal expansion for the three concrete mixtures over a
455-day duration was measured for all companion specimens. The weight variation which
was mainly due to moisture uptake by companion specimens is shown in Figure 2.3.
Weight change during conditioning is considered an important parameter for ASR
expansion measurement.

It allows detecting accidental drying of specimens and helps

interpreting causes of irregularities in ASR expansion behavior (Merz and Leemann, 2013).
As shown in Figure 2.3, significant lower weight gain can be observed in the confined
specimens (below 0.4%) compared to (1.0% - 1.4%) weight gain in the unconfined specimens.
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Figure 2.3: Weight variation due to moisture uptake: NR=non-reactive, SR= slowly
reactive, HR=highly reactive, UNC=unconfined condition, CON=confined condition.
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The sealing effect caused by steel molds reduced the exposed surfaces for moisture uptake
by confined specimens significantly (almost 80% reduction in exposed surface area). The
impact of this observation on ASR development is discussed in the following sections. At
the end of conditioning period, the weight gain for HR unconfined specimens (1.2%–1.4%)
was higher than that of SR unconfined specimens (1%–1.2%). The NR concrete exhibited
the lowest weight gain (about 0.9%) among the unconfined samples. This can be attributed
to cracks formation during ASR development. Figure 2.4 shows more cracks in HR samples,
less cracks on SR samples, and no cracks in NR samples.
The measured expansion is represented by the mean and standard deviation for three
measurements at each time step. Figures 2.5 and 2.6 show the evolution of ASR expansion
for the unconfined and confined specimens, respectively.
Expansion Anisotropy The ASR macroscopic expansion appears to exhibit anisotropy
relative to casting direction (Jones and Clark, 1996; Multon et al., 2005; Smaoui et al.,
2006). Samples under free expansion tend to expand in the direction parallel to the casting
direction. Larive et al. (2000) reported that the casting direction can expand ”1.3 to 2.8
times the expansion in the perpendicular direction”. This behavior was confirmed as shown in
Figure 2.5. The expansion along casting direction measured in cylinders was approximately
between 1.5 to 1.6 times that measured in prisms perpendicular to casting direction for both
the HR and SR concrete, respectively. Clark (1991) also observed that the expansion of a
vertically cast cylinder was about 1.6 times the expansion of a horizontally cast prism of
comparable size.
Effects of confinement on measured expansion

ASR expansion under confined

conditions provided by steel reinforcement or boundary conditions is more representative
of the expansion mechanism and damage in field structures. According to Multon et al.
(2005) and Gautam et al. (2017), volumetric expansion induced by ASR is approximately
constant for free expanding and restrained concrete (with at least one unrestrained direction)
regardless of stress state or boundary conditions. This conclusion was also confirmed for large
concrete specimens in a recent study conducted by Hayes et al. (2018).

30

Figure 2.4: Cracks formation
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Figure 2.5: Evolution of expansion of unconfined ASR concretes at different directions
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Figure 2.6: Evolution of expansion of confined ASR concretes along casting direction
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On the other side, ASR affected concrete under triaxial state of stress exhibits a lower
rate of volumetric expansion compared to the rate of volumetric expansion under uniaxial or
biaxial stress condition (Multon et al., 2005; Gautam et al., 2017). A volumetric expansion
reduction between 50 to 70% was reported for ASR specimens under triaxial stress condition
(Gautam et al., 2017).
The volumetric expansion of the unconfined and confined cylinders can be estimated
using the equation:
εvol. = εax. + 2εlat.
V olumetricexp.% = longitudinalexp.(axial)% + 2 ∗ lateralexp.(radial)
For the unconfined cylinders, the longitudinal exp.% represents expansion measured
on unconfined cylinders along casting direction, and lateral exp.% represents expansion
measured on prisms perpendicular to casting direction.

While the longitudinal exp.%

represents expansion measured on confined cylinders along casting direction, the lateral
expansion was assumed to be zero due to steel mold confinement. This leads to some
underestimation, though minor , of the actual volumetric expansion. In a relevant study
conducted by Multon and Toutlemonde (2006), the lateral expansion of 4× 8 in.(100×200
mm) cylindrical specimens confined by 0.20 in. (5 mm) thick steel rings was limited to 0.02%
expansion.
Figure 2.7 illustrates the effect of internal moisture content on the development of
volumetric ASR expansion. While significant ASR expansion occurred in confined samples
with limited external water supply (0.16% and 0.25% expansion for CON-SR and CONHR mixtures, respectively), the sealing effect from confinement accounted for 60% and 70%
reduction in volumetric expansion potential for SR and HR mixtures respectively, as shown
in Figure 2.7b. The sealing effect and boundary conditions (confinement and stress state) can
contribute to the heterogeneity of ASR in field concrete. Interior concrete within a structure
might exhibit lower volumetric expansion than concrete exposed to external surface due to
the coupled effects of water supply reduction and the effects of triaxial state of stress.
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Figure 2.7: Effects of internal moisture condition on the evolution of volumetric expansion
of confined and unconfined ASR concrete
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2.3.2

Material Properties

Figures 2.8, 2.9, and 2.10 present the respective evolution of the compressive strength, elastic
modulus, and tensile strength with time for the different concrete mixtures. The measured
properties were represented by the mean and standard deviation for three specimens at each
time step, except only two specimens were used for the splitting tensile strength. All three
properties were showing similar evolution due to cement hydration process for all specimens
until 28 days. After 28 days, temperature within the chamber was increased to 100◦ F (38◦ C)
to activate ASR process. The evolution of non-reactive concrete (NR) properties is used as
a reference for the strength gain due to cement hydration in the following discussion (i.e.,
the slope of NR line between 28 days and 455 days).
Evolution of compressive strength with time As shown in Figure 2.8, The compressive strength of non-reactive concrete increased 50% at 455 days when compared with its
28 days value . The increase in compressive strength due to cement hydration in reactive
samples overcomes the loss of strength due to ASR during the early stage of expansion.
At a later stage, the compressive strength either decreases or keeps relatively constant,
reflecting the effect of ASR damage in the compressive strength. At 455 days, the confined
highly reactive samples increased about 20% when compared to its 28-day strength while
the unconfined highly reactive decreased about 5% of its 28-day strength. The effects of
ASR damage in slowly reactive samples results in a loss of strength gain at a later stage
when compared with highly reactive aggregates. At 455 days, the CON-SR showed about
140% of its 28-day strength while the UNC-SR about 130% increase of its 28-day strength.
Gautam et al. (2017) observed 58% increase of compressive strength for non-reactive samples
and only 24% for reactive samples. Based on these results, ASR damage does not seem to
decrease the 28-day compressive strength before a linear expansion of approximately 0.35%
is achieved.
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Figure 2.8: Change in compressive strength with time:Dashed line: unconfined specimens,
Solid line: confined specimens, Red: highly reactive specimens, Blue: slowly reactive
specimens, Black: non reactive specimens
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Figure 2.10: Change in splitting tensile strength with time:Dashed line: unconfined
specimens, Solid line: confined specimens, Red: highly reactive specimens, Blue: slowly
reactive specimens, Black: non reactive specimens
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Evolution of elastic modulus with time

Figure 2.9 shows the evolution of elastic

modulus with time. For non-reactive concrete, the elastic modulus showed a slight increase
of 7% between 28 days to 455 days. A quick drop of the elastic modulus was observed
in all the reactive samples, with the exception of the confined slowly reactive sample that
only showed a 2% reduction. The unconfined highly reactive samples exhibited a rapid 32%
reduction in elastic modulus around 120 days. The unconfined slowly reactive sample and
the confined highly reactive sample showed a similar trend but with a more gradual slope.
The elastic modulus is a good indicator for ASR development specially during early stage of
ASR development. The rapid decrease at relatively young age could be related to the rate
of ASR development. It can also be observed that cement hydration has less contribution
on the offset of ASR damage in elastic modulus during early stage of ASR as compared with
the compressive strength.
Evolution of splitting tensile strength with time The evolution of splitting tensile
strength with time is shown in Figure 2.10. The tensile strength due to cement hydration
increased about 42% between 28 days and 455 days in the non-reactive sample, which was
very similar to the compressive strength gain. The ongoing hydration seemed to overcome
the losses due to ASR damage for most of the reactive samples. The maximum reduction in
tensile strength was 23% and it was observed in the unconfined highly reactive sample. ASR
expansion affects the tensile strength more than the compressive strength. However, ASR
damage has less effects on the loss of 28-day tensile strength for the slow rate ASR reaction.

2.3.3

Loss of Mechanical Properties with Linear ASR Expansion

The degradation of mechanical properties for unconfined and confined ASR concrete is
presented in Figures 2.11 and 2.12. Results are normalized by the values of these properties
at 28 days after casting. The longitudinal expansion is measured on companion cylinders
along the casting direction
Behavior of unconfined concrete

Figure 2.11a shows the evolution of longitudinal

expansion for the unconfined samples with high and slow reactive mixes.
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Figure 2.11: Change in relative properties of unconfined concretes with ASR expansion.
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The target expansion levels attained by the unconfined slowly reactive sample for
mechanical testing are 0.05% at 150 days, 0.1% at 250 days, and 0.15% as ultimate expansion
obtained at 395 days. The unconfined highly reactive sample attained higher expansion
levels with a rate of 0.15% at 120 days, 0.25% at 175 days, 0.30% at 360 days, and 0.35% as
ultimate expansion obtained at 455 days. The compressive strength of unconfined samples
at different expansion levels is shown in Figure 2.11b. ASR expansion does not decrease the
28-day compressive strength value. Note that the compressive strength gain of the slowly
reactive samples is significantly higher than that of the highly reactive samples at the same
expansion levels. The tensile strength reduction of unconfined samples is shown in Figure
2.11c. In both cases (slowly and highly reactive samples), the splitting tensile strength
decreases with increasing expansion. The highly reactive sample show an increase in tensile
strength towards after an expansion of 0.30%, which may be attributed to an increase in the
effect of cement hydration and to the lower expansion rate observed towards the end of the
testing. The elastic modulus showed the highest reduction due to ASR expansion compared
with the compressive strength and tensile strength. Both unconfined samples (slowly and
highly reactive) exhibited a rapid drop of elastic modulus during the early stage of ASR
expansion.
Behavior of confined concrete The rate of expansion of the confined samples was lower
than that of unconfined ones in all cases. This was mainly attributed to the reduction in
moisture supply that significantly reduced the expansion rate of confined samples. Longer
conditioning time was required for the confined samples to reach the target expansion
levels. As shown in Figure 2.12a, the confined samples attained ultimate expansions of
0.15% and 0.25% for the slowly reactive and highly reactive samples, respectively. The
temperature of the confined cylinders was increased from 100◦ F (38◦ C) to 140◦ F (60◦ C)
after 455 days to obtain higher expansion levels, which caused a slight increase in the
expansion. The compressive strength of confined specimens increased in all cases in a similar
fashion as the unconfined concrete samples. Furthermore, the compressive strength is higher
in samples with slow reactive aggregate than in samples with high reactive aggregates at
the same expansion level, as it was previously observed in unconfined samples. Note that
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the compressive strength of the slowly reactive samples decreases significantly in the last
measurement, as a consequence of the large temperature increase and consequent increase
in the expansion rate (Figure 2.12a).
The confined samples, where ASR- induced cracking is mainly primarily oriented parallel
to the loading direction, showed higher tensile strength values than that of the unconfined
samples (compare Figures 2.12c with 2.11c). Tensile strength was affected by the direction of
ASR-induced damage and by the confinement. No significant changes were observed in the
tensile strength between slow and high reactive samples. Note that the tensile strength does
not seem to change in the sample with slow reactive aggregates before the rate of expansion
increases due to the increase in temperature. The behavior of the elastic modulus is similar
to that of the tensile strength in that the effect of ASR is more pronounced in unconfined
than in confined samples (compare Figures 2.12d with 2.11d). Elastic modulus also seems
to be affected by the direction of ASR-induced damage and by the confinement. The elastic
modulus is lower in the sample with high reactive aggregate than in the sample with low
reactive aggregate at the same expansion level. Note that the elastic modulus does not seem
to change in the sample with slow reactive aggregates before the rate of expansion increases
due to the increase in temperature. The same behavior was observed in tensile strength
tests.

2.4

Studies on the Degradation of Mechanical Properties of ASR Affected Concretes

The studies on the degradation of mechanical properties of ASR affected concretes have been
mostly conducted in accelerated condition under free-expansion which might not accurately
represent the ASR development in field concretes. Thus, for a realistic assessment of field
concretes, experimental data were collected from literature as well as the data from the
present study to investigate the influence of ASR expansion rates and the confinement
on the loss of mechanical properties of affected concretes, namely the reduction of elastic
modulus,and compressive and tensile strengths.
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2.4.1

Summary of Literature Data

The data on free-expansion were collected from Swamy and Al-Asali (1988); Sargolzahi et al.
(2010); Giaccio et al. (2008); Ahmed et al. (2003); Jones and Clark (1996); Batic et al. (2004);
Multon et al. (2005); Ben Haha (2006); Fan and Hanson (1998); Hafçi (2013); Sanchez et al.
(2016); Sanchez (2014); Na et al. (2016); Gautam (2016); Esposito et al. (2016); Giannini
and Folliard (2012); Hayes et al. (2018) to study the influence of ASR expansion rates (e.g %
expansion/ year) on the loss of mechanical properties. Limited data on the loss of mechanical
properties in specimens under confined-expansion condition were collected, which include
data from Jones and Clark (1996); Gautam (2016); Hayes et al. (2018), in addition to the
data from the present study.
Figure 2.13 presents the literature data collected by the authors relating the averaged
linear ASR-induced expansion to the loss of relative modulus of elasticity, compressive
strength, and splitting tensile strength. The properties from each data set are normalized
to the corresponding value at 28 days. The data indicates that the modulus of elasticity is
the most sensitive mechanical properties regarding ASR progress: e.g., up to 60% reduction
in the elastic modulus can be observed for expansion of 0.35%, while the degradation of the
tensile and compressive strength seems to be lower than for the elastic modulus. In fact,
Esposito et al. (2016) reported that elastic modulus reduction can reach up to 90% when
ASR expansion is greater than 1%. The reported effects of ASR on the compressive strength
were contradictory as both gain and reduction of the property with ASR expansion has been
reported. Nevertheless, the reduction on the compressive strength was limited to 25–20% in
most of the cases.
Tables 2.3 , 2.4, and 2.5 summarize the experimental studies and conditioning regimes
related to data analyzed in this study. The concretes are classified solely on the basis of the
rate of ASR expansion regardless of their mix design as discussed in the following section.
The majority of the studies included a pretreatment conditioning for specimens at (20 - 23◦ C)
in humid condition for several days before the initiation of the accelerated ASR condition.
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(a) Elastic modulus

(b) Compressive strength

(c) Splitting tensile strength

Figure 2.13: Effect of ASR expansion on relative mechanical properties for unconfined
concrete. The gray area represents an envelope of the literature data which are collected
from Swamy and Al-Asali (1988); Giaccio et al. (2008); Ahmed et al. (2003); Jones and
Clark (1996); Batic et al. (2004); Multon et al. (2005); Ben Haha (2006); Fan and Hanson
(1998); Hafçi (2013); Sanchez et al. (2016); Sanchez (2014); Na et al. (2016); Gautam (2016);
Esposito et al. (2016); Giannini and Folliard (2012)
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Table 2.3: Summary of experimental studies on unconfined concretes
Reactive aggregate
Author

Expansion

Concrete

Mix ID
Aggregate description

Type

A

4.5% of total aggregate replaced by Beltane opal

Fine

B

15% of total aggregate replaced by fused silica

Fine

A

Thames valley (50% chert)

Fine

B

15% of total aggregate replaced by fused silica

Fine

R2

Highly reactive sand

Fine

R3

10% of highly reactive Siliceous orthoquartzite

Coarse

R4

Slowly reactive Granitic migmatite)

A

Specimen

Expansion rate (%/year)

classification

Linear (Volumetric)
1.64 (5.8)

VHR

0.62 (2.2)

VHR

Long + Lat.

0.43 (1.51)

VHR

prisms

1.68 (5.91)

VHR

0.26 (0.92)

VHR

0.30 (1.02)

VHR

Coarse

0.11(0.39)

SR

Chlorite schist

Coarse

0.11 (0.39)

SR

C

Biotite schist

Coarse

0.11 (0.39)

SR

Na

-

High reactive aggregate

Coarse

Long. cylinders

0.17(0.39)

SR

Fan

-

Gold hill

Coarse

Long. cylinders

0.42(0.97)

VHR

0.42(0.97)

VHR

Swamy

Ahmed

Giaccio

Ben Haha

Giannini

Hafic
Jones
Multon

R1

Reactive sand (El paso)

Fine

R2

Reactive mixed gravel from Bernallilo.(New mixico)

Coarse

Cube

Reactive natural-sand

Fine

Cyl.

Reactive natural-sand

-

Thames valley (50% chert)

-

Reactive coarse aggreagte

Long. prisms

Long. prisms

Long. prisms

Long. cylinders

0.14(0.32)

SR

Cube

0.1(0.30)@ 3 months

VHR

Fine

Long. cylinders

0.1(0.23)@ 3 months

VHR

Fine

Long. cylinders

0.63(1.46)

VHR

(0.24)

SR

Coarse

Long. cylinders +
Long.prisms

Sanchez

Gautam

Esposito
Sargolzahi
Hayes

TX +HP (25)

Polymictic sand

Fine

0.3 (0.70)@ 3 months

VHR

TX +dia(25)

Polymictic sand

Fine

0.3 (0.70)@ 3 months

VHR

NM+Lav(25)

Polymictic Gravel

Coarse

0.18 (0.41)@ 6 months

HR

QC+Lav(25)

Siliceous and argillaceous limestone

Coarse

0.18 (0.41)@ 6 months

HR

TX +HP(35)

Polymictic sand

Fine

0.3 (0.70)@ 3 months

VHR

TX +dia(35)

Polymictic sand

Fine

0.3 (0.70)@ 3 months

VHR

TX +NM(35)

Polymictic sand

Fine+Coarse

0.3 (0.70)@ 3 months

VHR

King+Lav(35)

Dolomitic argillaceous limestone

Coarse

0.3 (0.70)@ 3 months

VHR

WT+HP(35)

Polymictic sand

Fine

0.18 (0.41)@ 6 months

HR

NM+Lav(35)

Polymictic Gravel

Coarse

0.18 (0.41)@ 6 months

HR

QC+LAV(35)

Siliceous and argillaceous limestone

Coarse

0.18 (0.41)@ 6 months

HR

Conr+Lav(35)

Metagreywacke, shale, siltstone

Coarse

0.16(0.37)@ 1 year

SR

pots+Lav(35)

Siliceous sandstone

Coarse

0.16(0.37)@ 1 year

SR

Rec+Lav(35)

Granite, gneiss, mylonite

Coarse

0.13(0.30)@ 1 year

SR

Wyo+lav(35)

Granite, amphibolite, mixed volcanics

Coarse

0.10(0.23)@ 1 year

SR

Virg+lav(35)

Metagranite

Coarse

0.06(0.14)@ 1 year

SR

TX + HP(45)

Polymictic sand

Fine

0.3 (0.70)@ 3 months

VHR

Long. cylinders

TX +dia(45)

Polymictic sand

Fine

0.3 (0.70)@ 3 months

VHR

NM+Lav(45)

Polymictic Gravel

Coarse

0.18 (0.41)@ 6 months

HR

QC+Lav(45)

Siliceous and argillaceous limestone

Coarse

0.18 (0.41)@ 6 months

HR

Cubes

Crushed siliceous limestone

Coarse

Cubes(x,y, and z)

(0.44) @ 1.2 year

SR

Mix F

Crushed siliceous limestone

Coarse

Long.prisms

0.23 (0.80)

HR

Mix C

Crushed siliceous limestone

Coarse

Long.prisms

0.25 (0.88)

VHR

RR1

Natural Dutch aggregates

Fine+Coarse

Long.prisms

0.11(0.39)

SR

RR2

Crushed Norwegian aggregates

Fine+Coarse

Long.prisms

0.18(0.63)

HR

-

Spratt limestone

Coarse

Long.prisms

0.075(0.26)

SR

(0.42)

HR

-

Crushed siliceous rock (Argillite)

Coarse

Large block
(11.5x9.8x3.3 ft)

This study

HR

Crushed limestone

Coarse

Long. cylinders +

(0.8)

HR

SR

Crushed limestone

Coarse

Long.prisms

(0.36)

SR
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Table 2.4: Summary of experimental studies conditioning regimes
Pretreatment

ASR conditioning

Author
Temperature

Humidity

Duration

Temperature

Humidity

Duration

(C)

condition

(days)

(C)

condition

(days)

20

96% RH

365

38

In water

365

Swamy
Ahmed

None
20

Giaccio

In water

28

None

38

Wrapped with cotton with

250/120/745

5ml of water
Ben Haha

None

40

In water

365

Na

23

100% RH

28

80

1 N NaOH

180

Fan

23

100% RH

14

38

0.5 N NaOH

360

38

95% RH

365

60

100%RH + NaOH

102

38

In water

-

28

38

Sealed in aluminum foil

365

1

38

100% RH

365

180

50

95% RH

545

Giannini
Hafic

None
20

Jones
Multon

In water

1

None
20

In aluminum
foil

Sanchez

23

Gautam

23

moist cured
Wet
burlap

Esposito

20

95% RH

1

38

>96% RH

365

Sargolzahi

-

moist room

7

38

95% RH

690

Hayes

23

28

38

>95% RH

365

28

38

>95% RH

455

In plastic
sheet

This study

23

85% RH
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Table 2.5: Summary of experimental studies on confined concretes
Expansion
Author

Concrete

Confinement

Mix ID
Specimen

Expansion rate (%/year)

classification

Condition

Description

Linear (Volumetric)
Jones

-

Long. cylinders

0.63(1.26)

HR

Uniaxial

Cylinders (4 x 8 in.) expanded under different
stresses applied parallel to their axes.

u (3.9, 0, 0)

(0.50) @ 1.2 year

Uniaxial

U (9.6, 0, 0)

(0.42) @ 1.2 year

Uniaxial

Cube specimens of 10 in. size expanded
under different stresses applied along x, y,
Gautam

b (3.9, 3.9, 0)

Cubes(x,y, and z)

(0.41) @ 1.2 year

SR

Biaxial
and z directions. Core specimens were

B (9.6, 3.9, 0)

(0.43) @ 1.2 year

Biaxial

t (3.9, 3.9, 3.9)

(0.23) @ 1.2 year

Triaxial

T (9.6, 3.9, 3.9)

(0.16) @ 1.2 year

Triaxial

extracted along the x direction for mechanical
properties testing.
Cylinders (6x12 in.) were cast in steel mold to
Hayes

Confined

Large block

Unconfined

(11.5x9.8x3.3 ft)

(0.41)

SR

Bixial

force the ASR expansion to develop parallel
to the casting direction only.
Cylinders (4x8 in.) were cast in steel mold to

This study

HR

Long. cylinders +

(0.25)

SR

SR

Long.prisms

(0.16)

SR

Biaxial

force the ASR expansion to develop parallel
to the casting direction only.
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The studies conducted by Swamy, Giaccio,Ben Haha ,and Jones did not include
pretreatemnt conditioning. The ASR conditioning was mostly conducted at (38 ◦ C) and
>95%RH, with the exception of Na, Fan, and Hafic, who placed the specimens in NaOH
solutions.
Experimental studies on confined specimens are summarized in Table 2.5. Data from
Hayes and this study were collected from cylindrical specimens cast in steel mold to force
the ASR expansion to develop parallel to the casting direction only (expanded vertically).
Data from Jones were collected from cylindrical specimens under different applied stresses
perpendicular to their cross section and the ASR expansion still developed in all directions.
Gautam cast several cube specimens conditioned under different compressive stresses along x,
y, and z directions. The cube specimens expanded in all three directions, and core specimens
were extracted along the x direction for testing.

2.4.2

ASR Volumetric Expansion

The experimental data on the loss of mechanical properties were mainly reported as a
function of linear expansion measured on companion specimens such as prisms (expansion
perpendicular to casting direction) and/or cylinders (expansion parallel to casting direction)
(Table 2.3). Expansion data from Gautam and Hafic were collected on cube specimens, and
Hayes collected expansion data from large blocks.
However, samples under free expansion tend to expand in the direction parallel to the
casting direction (expansion anisotropy). Figure 2.14 shows that expansion along casting
direction measured in cylinders is about 1.52 times that measured in prisms perpendicular
to casting perpendicular. This value is consistent with the coefficients of anisotropy reported
by Smaoui et al. (2006) which are ranged between 1.45 to 1.98. Of course the shape
of specimen (i.e prism vs cylinder) might have influence on ASR expansion. However,
results from Smaoui et al. (2006) indicated that the average three-dimensional expansion
for cylinders and prisms with comparable size are quite similar. In addition, concretes under
confined conditions tend to expand in the direction of least stress. However, the volumetric
expansion induced by ASR is approximately constant for free expanding and restrained
concrete (with at least one unrestrained direction) regardless of stress state or boundary
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conditions (Multon et al., 2005; Gautam et al., 2017; Hayes et al., 2018). Therefore, for
accurate assessment of ASR development, ASR expansion for a given concrete under freeexpansion or retrained-expansion should be presented as volumetric expansion rather than
linear expansion.
To analyze the data, volumetric expansions for experimental data were estimated based
on the linear relationship between casting directions (Figure 2.14) using the equation below
(Multon et al., 2005):

εvol. = εPar. + 2εPerp.
V olumetric.exp.% = P arallel.exp.% + 2 ∗ P erpendicular.exp.%
.
If the ASR expansion was measured in longitudinal prisms, the volumetric expansion was
estimated as:

εvol. = 1.52 ∗ εPerp. + 2 ∗ εPerp. = 3.52 ∗ εPerp.
where
εPar. = 1.52 ∗ εPerp.
Similarly, if the ASR expansion was measured in vertical cylinders, the volumetric
expansion was estimated as:

εvol. = εPar. + 2 ∗ (0.66) ∗ εPar. = 2.32 ∗ εPar.
where
εPerp. = 0.66 ∗ εPar.
For the data collected on cube specimens (Hafic and Gautam) or blocks (Hayes) the
volumetric expansion was the summation of the expansions along x, y, and z directions.
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3.00

Parallel to casting

Figure 2.14: Effects of casting direction on ASR expansion
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2.4.3

Concrete Classification

To analyze the experimental data, the concretes are classified solely on the basis of the rate
of volumetric ASR expansion regardless of their mix design and conditioning regimes. In
this context, the rate of ASR is defined as the amount of volumetric ASR expansion achieved
by a concrete mix within one year of testing time (% expansion/year). In the case of data
from Na and Hafic, the test duration was less than an year, however, the temperatures of
the testing was higher than (38 ◦ C) and thus the expansion rate is assumed to be equivalent
to that at one year. Following the classification proposed by ASTM C 1778-16 (Guide for
reducing the risk of AAR reaction), the concretes were classified based on the rate of ASR
expansion on concrete prism test (ASTM C1293) into three categories: moderately or slowly
reactive (SR): 0.04 (0.14) ≤ exp.%/year < 0.12 (0.42), highly reactive (HR): 0.12 (0.42) ≤
exp.%/year < 0.24(0.84), and very highly reactive (VHR): exp.%/year ≥ 0.24 (0.84), values
in brackets are estimated volumertic expansions ( εvol. = 3.52 ∗ εPerp. ).

2.4.4

The Effects of ASR Expansion Rates on the Loss of Mechanical Properties

Figure 2.15 shows the degradation of compressive strength and elastic modulus for unconfined
concretes as a function of volumetric expansion under different ASR expansion rates : VHR
, HR, and SR Figures (2.15a, 2.15b, and 2.15c, respectively). The compressive strength and
elastic modulus were normalized to the values of these properties at 28 days after casting
or at the value when ASR linear expansion is less than 0.04% (ASTM C1293 limit for
non-reactive concrete). The volumetric expansion was estimated from the linear expansion
as discussed in Section 2.4.2. The data demonstrate that the effect of ASR expansion on
compressive strength and elastic modulus is significantly influenced by the rate of ASR
development, as the rate of ASR expansion increases the reduction of properties increases
at the same expansion level. At 0.5% volumetric expansion, while up to 50% reduction of
elastic modulus can take place at a very high rate of ASR expansion, the reduction was
limited to (20 - 25%) for the slow rate of ASR expansion. Similarly, while no significant
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reduction of compressive strength below the 28-day value was observed for the high and slow
rates of expansion, significant reduction at very high rate of ASR expansion was observed.
Furthermore, the degradation trends of elastic modulus and compressive strength with
volumertic expansion seems to be also affected by expansion rate.

Good logarithmic

correlation with the coefficient of determination R2 = 0.9 is observed between elastic
modulus and volumetric expansion at the very high rate of expansion. However, lower
values for R2 are obtained as the rate of ASR expansion reduces (0.62 and 0.6 for HR and
SR respectively). This could be mainly attributed to the ongoing cement hydration and creep
which might affect the degradation trend, to greater or leaser extent, for different concrete
mixtures with slower expansion rates. At the very high rate of expansion, the effects of
ASR expansion is dominant and hence strong correlation is observed. This observation is
more pronounced in the evolution of compressive strength at different expansion rates. It
is found that at slow rate of ASR expansion the compressive strength kept increasing due
to the ongoing cement hydration without reduction. The contribution of cement hydration
appears to be encountered by ASR damage as the rate of ASR expansion increases, compare
Figures (2.15a,2.15b,2.15c). Relatively good correlations (R2 = 0.74) is observed between
the degradation of compressive strength and volumetric expansion at very high expansion
rate when ASR effects are dominant. In contrast, at low rate of expansion, the effects of
cement hydration seems to be dominate, and a continuous gain of compressive strength with
ASR expansion is noted. At high rate of expansion the correlation was poor (R2 = 0.30)
due to the effects of competing mechanisms, ASR expansion, cement hydration, and creep.
Although many studies concluded that compressive strength is not a good indicator for
ASR progress (Swamy and Al-Asali, 1988; Giaccio et al., 2008), the data presented here
suggested that compressive strength can provide good indication about the rate of ASR
expansion. In addition, the discrepancies on the effects of ASR on the compressive strength
as reported by Esposito et al. (2016) can be attributed to influence of the rate of expansion
on the degradation trends as shown in Figure 2.15.
The degradation of tensile splitting strength of unconfined concretes with volumetric
expansion is shown in Figure 2.16 for different ASR expansion rates. The tensile data
presented were limited up to the volumteric expansion of 1.0% as there was significant
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(c) Slow rate (SR)

Figure 2.15: Impact of ASR expansion rates on the loss of elastic modulus and compressive
strength of unconfined concretes. Data on VHR were collected from Swamy and Al-Asali
(1988); Giaccio et al. (2008); Ahmed et al. (2003); Jones and Clark (1996); Giannini and
Folliard (2012); Hafçi (2013); Fan and Hanson (1998); Sanchez (2014). Data on HR were
collected from Sanchez (2014); Gautam (2016); Esposito et al. (2016); Hayes et al. (2018) and
from the present study. Data on SR were collected from Sargolzahi et al. (2010); Giaccio
et al. (2008); Gautam (2016); Ben Haha (2006); Na et al. (2016); Giannini and Folliard
(2012); Multon et al. (2005); Sanchez (2014); Esposito et al. (2016) and from the present
study.
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scatter in data above this limit. Jones and Clark (1996) observed that the scatter of
tensile splitting data increases with ASR expansion which was attributed to the sensitivity
of the testing setups to crack orientations on the surface of specimens. The tensile splitting
strength of unconfined concretes appears to be affected by the rate of ASR expansion to
some extent. Similar behaviour for the high and slow rates of expansion was observed up to
0.5% volumetric expansion with a maximum of 10 - 20% reduction. The very high rate of
expansion showed rapid reduction with up to 40% reduction at 0.5% volumetric expansion,
twice the reduction of the slow and high rates of expansion. Relatively good correlation is
observed for the very high rate of expansion (R2 = 0.78) compared to those at high and low
rates of expansion (R2 = 0.60 − 0.61).
It is clear from the data presented in this section that the degradation trends of
mechanical properties of ASR affected concretes are significantly influenced by the rate of
ASR expansion and damage. The behaviour of field concretes is most likely represented by
experimental studies conducted at slow ASR expansion rates rather than those conducted
at high and very high rates. The effect of ASR damage is most likely offset or minimized by
continuing hydration of concrete (Swamy and Al-Asali, 1988; Ahmed et al., 2003), the creep
of the cement paste, and also by the sealing effects of ASR calcium-rich gel in cracks when
the rate of ASR reaction is slow.

2.4.5

The Effects of Confinements on the Loss of Mechanical
Properties

To investigate the effects of confinement on the degradation of mechanical properties,
experimental data on confined and unconfined ASR concretes with similar expansion rates
were analyzed. Figure 2.17 shows the degradation of elastic modulus, compressive strength,
and tensile splitting strength for confined and unconfined concretes under very high rate
of ASR expansion. Experimental data on confined specimens with very high rate of ASR
expansion were limited to the data collected from Jones and Clark (1996). The confined
specimens were 4x8 in. cylinders conditioned under different applied compressive stresses
ranging from 145 to 1015 psi (1 to 7 N/mm2 ) parallel to their longitudinal axes. The
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Figure 2.16: Impact of ASR expansion rates on the loss of tensile splitting strength of
unconfined concretes. Data on VHR were collected from Swamy and Al-Asali (1988); Ahmed
et al. (2003); Jones and Clark (1996); Hafçi (2013); Fan and Hanson (1998). Data on HR
were collected from Esposito et al. (2016); Hayes et al. (2018) and from the present study.
Data on SR were collected from Gautam (2016); Ben Haha (2006); Multon et al. (2005);
Esposito et al. (2016) and from the present study.
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applied compressive stresses reduced both the average expansion and the rate of expansion of
cylinders (Jones and Clark, 1996). Figures 2.17a and 2.17b show almost similar degradation
trends between confined and unconfined concretes in elastic modulus and compressive
strength. Samples restrained parallel to loading direction exhibit lower degradation than
that of unconfined specimens. The elastic modulus and compressive strength values along
the direction of confinement is greater than that along the free-expansion direction by
13% and 17%, respectively. This observation is attributed to the effects of preferred crack
orientation imposed by the direction of confinements (Jones and Clark, 1996). The reduction
of compressive strength and elastic modulus are higher in samples with ASR cracks mostly
oriented perpendicular to the direction of loading during mechanical testing, which can be
attributed to cracks closing mechanism. (Barbosa et al., 2016; Gautam, 2016). Limited data
on confined tensile splitting strength (Figure 2.17c suggest that confinement direction might
similarly impact the tensile strength to some extent.
The experimental data on confined specimens with slow rate of ASR expansion were
collected from Gautam (2016); Hayes et al. (2018) as well as the data from the present
study, as shown in Figure 2.18. Similar observation was found in concretes with slow rate
of ASR expansion as that of high rate of expansion. The degradation trends of confined
and unconfined concretes with slow rate of ASR expansion is influenced by the competing
mechanisms (ASR expansion, cement hydration, and creep). Nevertheless, the degradation
of elastic modulus and splitting tensile strength are significantly affected by the direction of
confinement relatively to loading direction. Specimens restrained perpendicular to loading
direction (cracks are likely to be horizontal) exhibit higher stiffness degradation than that
of free-expansion and restrained-expansion (parallel to loading) specimens. Compressive
strength of slowly reactive specimens (confined and unconfined) seems to be mainly controlled
by cement hydration. The data presented in this section suggested that the confinement has
less impact on the degradation of the mechanical properties of ASR concrete. However,
the direction of confinement and subsequent crack orientation might impact the degradation
trends significantly.
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Figure 2.17: Impact of confinement on the loss of mechanical properties of highly reactive
concretes. Unconfined data on VHR -Elastic modulus and compressive strength were
collected from Swamy and Al-Asali (1988); Giaccio et al. (2008); Ahmed et al. (2003);
Giannini and Folliard (2012); Hafçi (2013); Fan and Hanson (1998); Sanchez (2014); Gautam
(2016). Unconfined data on VHR -Splitting tensile strength were collected from Swamy and
Al-Asali (1988); Ahmed et al. (2003); Jones and Clark (1996); Hafçi (2013); Fan and Hanson
(1998). Confined data on VHR -Elastic modulus, compressive strength, and splitting tensile
strength were collected from Jones and Clark (1996) only.
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Figure 2.18: Impact of confinement on the loss of mechanical properties of slowly reactive
concretes. Unconfined data on SR - elastic modulus and compressive strength were collected
from Sargolzahi et al. (2010); Giaccio et al. (2008); Gautam (2016); Ben Haha (2006); Na
et al. (2016); Giannini and Folliard (2012); Multon et al. (2005); Sanchez (2014); Esposito
et al. (2016) and from the present study. Unconfined data on SR - tensile splitting strength
were collected from Gautam (2016); Ben Haha (2006); Multon et al. (2005); Esposito et al.
(2016) and from the present study. Confined SR data with a restraint perpendicular to
loading were collected from Gautam (2016). Confined SR data with a restraint parallel to
loading were collected from Hayes et al. (2018) and the present study
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2.5

Conclusions

The condition assessment of ASR affected structures requires knowledge about the degree
of the ASR damage (i.e expansion) and subsequent degradation of mechanical properties of
affected concrete members so that decisions can be made toward mitigating ASR damage and
maintaining the functionality and structural integrity of ASR affected structures. Testing
program was performed with the aim of investigating the effects of the rate of ASR expansion
and confinement on the behavior and degradation of mechanical properties of ASR affected
concretes, namely the elastic modulus, compressive strength, and tensile splitting strength.
In addition, available experimental data on the degradation of mechanical properties of ASRaffected concretes with ASR expansion are collected and analyzed to investigate the influence
of the rate of ASR expansion and confinement on the degradation trends. The main findings
are summarized below.
1. The degradation trends of mechanical properties of ASR-affected concretes are
significantly influenced by the rate of ASR expansion and damage. The behaviour
of field concretes is most likely represented by experimental studies conducted at slow
ASR expansion rates rather those conducted at high and very high rates. The effect of
ASR damage is most likely offset or minimized by the following mechanisms: continuing
hydration of concrete , the creep of the cement paste, and sealing effects of ASR
calcium-rich gel in cracks when the rate of ASR reaction is relatively slow. Good
logarithmic correlation with the coefficient of determination of R2 = 0.9 is observed
between elastic modulus and volumetric expansion at the very high rate of expansion.
However, lower values for R2 are obtained as the rate of ASR expansion reduces (0.62
and 0.6 for high rate and slow rate, respectively).
2. At 0.5% volumetric expansion, while up to 50% reduction of elastic modulus can take
place at very high rate of ASR expansion, the reduction was limited to 20 - 25% for the
slow rate of ASR expansion. Similarly, while no significant reduction of compressive
strength below the 28-day value was observed for the high and slow rates of expansion,
significant reduction at very high rate of ASR expansion was observed. The very high
rate of expansion showed rapid reduction in the splitting tensile strength with up to
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40% reduction at 0.5% volumetric expansion, twice the reduction of the slow and high
rates of expansion.
3. The confinement has less impact on the degradation of the mechanical properties of
ASR concrete. However, the direction of confinement and subsequent crack orientation
might impact the degradation trends significantly.

The reduction of compressive

strength and elastic modulus are higher in samples with ASR cracks mostly oriented
perpendicular to the direction of loading during mechanical testing, which can be
attributed to cracks closing mechanism. This observation must be considered when
extracting cores from ASR-affected structures.
4. ASR expansion rate is sensitive to confinement and stress condition. Interior concrete
within a structure might exhibit lower volumetric expansion than exposed external
concrete surfaces due to the coupled effects of water supply reduction and triaxial
state of stress. In this study, the sealing effect from confinement accounted for 60%
and 70% reduction in volumetric expansion rate for slowly-reactive and highly-reactive
mixtures respectively.
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Chapter 3
Influence of Mineralogical and
Chemical Compositions on ASR of
Tennessee Limestones
3.1

Introduction

Two types of alkali-aggregate reaction (AAR), a known deterioration mechanism in concrete,
are currently recognized mainly depending on the nature of the reactive constituents. Alkalisilica reaction (ASR) involves amorphous silica (SiO2 ), cryptocrystalline and microcrystalline
quartz, strained quartz, cristobalite, tridymite, chalcedony, opal, or acidic glass. Alkalicarbonate reaction (ACR) involves certain types of carbonate rocks such as argillaceous
dolomitic limestone (Thomas et al., 2013) similar to the Kingston aggregate from Pittsburg
quarry- Ontario, Canada (Swenson and Gillott, 1964; Gillott, 1963, 1964; Hadley, 1961;
Guangren et al., 2002). In fact, the latter type (ACR) has been the subject of intense debate
among researchers (Swenson and Gillott, 1964; Guangren et al., 2002; Katayama, 2010). It
is traditionally defined as a dedolomitization process of dolomite crystals associated with
considerable expansion, in which dolomite crystals react with alkalis in concrete to form
brucite (Mg(OH)2 ), calcite (CaCO3 ), and alkali carbonate (Na2 CO3 or K2 CO3 ) (Swenson
and Gillott, 1964; Gillott, 1963, 1964; Hadley, 1961; Guangren et al., 2002). However, recent
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research based on initial findings by Katayama (1992) indicated that the expansion and
cracking of concrete made with ACR aggregates are actually caused by the alkali-silica gel
that is formed due to ASR involving cryptocrystalline quartz present in the argillaceous
dolomitic limestone (invisible in thin section optical microscopy) (Katayama, 2010; GrattanBellew et al., 2010). It has been concluded that the ACR could be a mixture of deleteriously
expansive ASR of cryptocrystalline quartz, and non-expansive dedolomitization of dolomitic
aggregates, and that ACR is believed to be ASR, influenced more (fine aggregate) or less
(coarse aggregate) by dedolomitization (Katayama, 2004).
The susceptibility of an aggregate to ASR is strongly related to the type and amount
of reactive silica (SiO2 ) (Anaç et al., 2012). The degree of microstructural disorder and
crystallinity of SiO2 can be the major parameter influencing its solubility in alkaline
environment (Thomas et al., 2013; Rajabipour et al., 2015); reactivity generally increases
as the degree of microstructural disorder increases and crystallinity decreases. Indeed, a
perfectly crystalline material exhibits zero free energy state (i.e. stable) and any deformation
within crystals lattice increases the free energy of the material and makes it unstable
and soluble (Thomson and Grattan-Bellew, 1993).

Thus, the poorly crystalline silica

minerals and amorphous silica such as opal, cristobalite, volcanic and artificial glasses are
highly reactive to ASR relative to a well-crystalline quartz (Thomson and Grattan-Bellew,
1993). In addition, different types of fine-grained quartz such as cryptocrystalline quartz,
microcrystalline quartz, and chalcedony, are often defect free or possess few defects, are
known to be highly reactive towards ASR (Michel et al., 2003). This can be attributed
to the influence of other parameters such as grain size reduction (e.g. high surface areas)
and the formation of sub grain boundaries in deformed quartz-bearing rocks which can
provide channels for the ingression of alkalis and thus enhances aggregate reactivity (Wigum,
1995). Therefore, the dissolution of SiO2 in the pore solution of concrete, a first step
in ASR development, is influenced not only by the amount of reactive silica present in
aggregates, but also by the texture of the silica itself such as crystallinity, size, number
and distribution of crystal defects, and also the ability of alkalis to penetrate and reach the
reactive silica (Trindade Pedrosa et al., 2019; Broekmans, 2004). Nevertheless, the influence
and significance of these parameters on the reactivity of SiO2 seems to vary with the type and
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origin of the aggregate which is attributed to the formation of silica under different geological
conditions (Broekmans, 2004). For example, the reactivity of quartz-bearing rocks such as
granitic aggregates appears to be strongly influenced by the microstructural features of
quartz, namely grain boundary area and the crystals size of quartz (Wigum, 1995; Shayan,
1993) rather than the mineralogical composition of aggregates. These parameters can be
measured in thin-sections under petrographic microscope, or other techniques, making it
possible to distinguish between reactive and non-reactive aggregates (Wigum, 1995; Castro
and Wigum, 2012b).
In the case of carbonate aggreagtes such as siliceous limestones and argillaceous dolomitic
limestones which are reported to cause deleterious AAR reaction in concrete (Fournier
and Rogers, 2008; Rogers and MacDonald, 2012; Gao et al., 2013; Monnin et al., 2006;
Multon et al., 2008; Bourdot et al., 2018), their reactivity appears to be influenced by
the microstructure of carbonated matrix and the distribution, size, and quantity of the
reactive silica (Monnin et al., 2006; Bourdot et al., 2018). The presence of finely dispersed
micro-to crypto- quartz, usually less than 10 µm in size (often too small to be detected
under petrographic microscope), is considered as a main constituent that contributes to
the reactivity of siliceous limestones and argillaceous dolomitic limestones (Grattan-Bellew
et al., 2010; Bourdot et al., 2018; Grattan-Bellew and Katayama, 2017). In fact, a good
correlation has been observed between the quartz content in the insoluble residues and the
ASR expansion of concrete prisms made with three different limestone aggregates (GrattanBellew et al., 2010), indicating that most of quartz presents in the three limestones is reactive.
Bourdot et al (Bourdot et al., 2018) also found that the amount of SiO2 in the form of quartz
in a Swiss siliceous limestone was reactive to ASR with different degree of reactivity ranges
from week to very strong depending on the grain size of SiO2 . Katayama confirmed that
the presence of cryptocrystalline quartz is responsible for the alkali-reactivity of several
carbonate rocks such as dolomitic aggregates. These observations suggest potential complex
correlations between expansive behavior and texture, mineralogy, or chemistry of carbonate
aggregates. Such correlations need to be further investigated to provide a quick means to
assess the reactivity of limestones aggregates and reduce difficulties in quarrying, given the
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complex nature of carbonate rocks. In addition, the findings can be used for characterization
and assessment of ASR condition in affected concrete structures.
This chapter focuses on investigating the reactivity and concrete expansion behavior
of 26 different limestone aggregates collected from four different regions of the state of
Tennessee for the purpose of this study. The aggregate reactivity is determined using
both the accelerated mortar bar test (ASTM C1260) and the concrete prism test (ASTM
C1293). It is important to mention that ASTM C1260 may overlook the expansion potential
for carbonate aggregates (Sommer et al., 2005) and, thus aggregate reactivity is also
determined by ASTM C1293. Petrographic examinations including optical microscopy and
scanning electron microscopy coupled with energy-dispersive spectrometry (SEM - EDS),
X-ray powder diffraction, and chemical analysis using Inductively Coupled Plasma - Atomic
Emission Spectroscopy (ICP-AES) were conducted on aggregates and concrete samples. The
main objective is to establish correlations between mineralogical and chemical composition
of reactive carbonate rocks and their expansion rates as tested on the ASTM C1293. Such
correlations might be used as a quick assessment for limestones reactivity due to ASR. In
addition, ASR mitigation options using fly ash class F are investigated. A field case study
of reactive dolomitic limestone in concrete pavement within Tennessee is also presented.

3.2
3.2.1

Experimental Procedures
Materials

Aggregate samples
The carbonate aggregates used for testing were collected from four different regions of the
state of Tennessee in the United States. A total of 26 siliceous and dolomitic limestone
aggregates were selected to represent a wide range of aggregate reactivity. A regional map of
Tennessee is shown in Figure 3.1 and a list of aggregates including their physical properties
is shown in Table 3.1. The geological data for each aggregate source were collected from
Macrostrat plateform (Peters et al., 2018) which includes data collected from the State
Geologic Map Compilation (SGMC) geodatabase of the conterminous United States (Horton,
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2017). The geological data include information about lithology, age, and stratigraphy at a
national scale, as summarized in Table 3.2.
Cement and fly ash
Two types of Type I Portland cement (Cement1 and Cement2) produced by Buzzi Unicem
USA were used. Cement1 contains a relatively low equivalent alkali content (0.54% Na2 Oeq )
and it was used to cast specimens for mortar-bar expansion tests (ASTM C1260 and ASTM
C1567). Cement2 contains a relatively high equivalent alkali content (1.04% Na2 Oeq ) and it
was used to cast specimens for the concrete prism expansion test (ASTM C1293). Fly ash
class F produced by Tennessee Valley Authority (TVA) fossil plant in Kingston, TN was
obtained to evaluate ASR mitigation alternatives according to mortar-bar expansion test
(ASTM C1567). The chemical compositions of Cement1, Cement2, and fly ash class F are
shown in Table 3.3.

3.2.2

Experimental Methods

Expansion tests
The reactivity of 26 limestone aggregates was evaluated using two expansion tests: the mortar
bar tests (ASTM C1260 and ASTM C1567) and the concrete prism test (ASTM C1293). The
ASTM C1260 is widely used for evaluating aggregate reactivity (Touma et al., 2001). Mortar
bar specimens with the dimensions of 1 in. x 1 in. x 11 in. (25 mm x 25 mm x 285 mm)
are cast after processing aggregate into a standard gradation. The specimens were prepared
with an aggregate/cement ratio of 2.25 and a watercement ratio of 0.45 (Cement1 was used).
After casting, mortar bars were placed in a moist room for 24 hours, removed from molds
and placed in water at 176◦ F (80◦ C) for 24 hours. The initial length of at least three bars
of each sample was measured and recorded. Then, the mortar bars were submerged in 1N
NaOH solution at 176◦ F (80◦ C) for 14 days. The expansion of mortar bars was measured,
in term of the length change, periodically for 14 days. The aggregate reactivity is classified
according to Table 3.4. As this test is reported to be very severe, the aggregates failed this
test were evaluated again using the ASTM C1293 (Fournier et al., 2010).
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Figure 3.1: Four geographical regions in the state of Tennessee, USA
Table 3.1: List of aggregate samples and location
No

Sample

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Limestone#13
Limestone#2
Limestone#7
Limestone#12
Limestone#3
Limestone#19
Limestone#28
Limestone#29
Limestone#38
Limestone/sandstone*#18
Limestone#55
Limestone#46
Limestone#41
Limestone#44
Limestone#49
Limestone#47
Limestone#50
Limestone#43
Limestone#42
Limestone#56
Limestone#64
Limestone#57
Limestone#60
Limestone#70
Limestone#71
Limestone#75

Location
within
Tennessee

Physical properties as provided by aggregate producer
Weight loss
Bulk specific Absorption Los Angeles
due to sulfate
gravity
%
abrasion
attack %

Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region
Region

2.74
2.78
2.72
2.78
2.72
2.63
2.68
2.74
2.71
2.40
2.69
2.64
2.75
2.55
2.61
2.63
2.38
2.64
2.60
2.57
2.62
2.61
-

1
1
1
1
1
2
2
2
2
2
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4

0.3
0.5
0.3
0.7
0.6
0.9
0.6
0.7
0.5
3.3
0.3
0.9
0.5
2.1
1.4
0.9
2.2
0.7
1.5
1.9
1.2
1.0
-

20
21
20
23
24
25
23
26
18
24
28
23
19
27
24
24
25
24
25
20
18
-

1
1
0
2
5
4
4
1
3
5
3
5
13
8
1
6
1
9
15
7
3
-

*This aggregate is found to be a clay- and carbonate-cemented sandstone based on petrographic examination
rather than limestone as originally identified in field
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Table 3.2: Geological data for aggregate sources
Region
Region 1

Region 2

Region 3

Geological data for aggregate sources (Peters et al., 2018)

Sample
Name

Age

Lithologies

Limestone#13

Jonesboro Limestone;
Mascot Dolomite;
Kingsport Formation

Cambrian - Ordovician
Guzhangian Floian
(498.2 - 471.6 Ma)

Major: {limestone, dolostone},
Incidental:{sandstone}

Limestone#2

Mascot Dolomite;
Kingsport Formation

Ordovician - Stage 10 Floian (485.4 - 471.2834
Ma)

Major: {dolostone, limestone},
Minor:{sandstone}. Fine-grained,
well-bedded cherty dolomite

Limestone#7

Jonesboro Limestone;
Mascot Dolomite;
Kingsport Formation

Cambrian - Ordovician
Guzhangian - Floian
(498.2 - 471.6 Ma)

Major: {limestone, dolostone},
Incidental:{sandstone}. Numerous
interbeds of dark-gray dolomite

Limestone#12

Copper Ridge
Dolomite

Cambrian - Guzhangian
- Tremadocian (497.85 478.9834 Ma)

Major: {dolostone}, Minor:{chert}
Coarse, dark-gray, knotty
dolomite, medium-grained, wellbedded dolomite; abundant chert

Limestone#3

Newala Formation;
Mascot Dolomite;
Kingsport Formation;
Longview Dolomite;
Chepultepec Dolomite

Ordovician - Stage 10
- Dapingian (485.4 468.55 Ma)

Major: {dolostone, limestone},
Minor:{sandstone} DolomiteLight-gray, fine-grained, wellbedded cherty dolomite; chertmatrix quartz sandstone at base

Limestone#19

Monteagle Limestone

Mississippian - Visean
(340.3125 - 332.05 Ma)

Major: {limestone}, Incidental:
{chert} (sand, shale, carbonate
Limestone, chert)

Limestone#28

Bangor Limestone and
Hartselle Formation

Mississippian - Visean Serpukhovian (333.525 326.15 Ma)

Major: {limestone}, Incidental:
{sandstone, shale}

Limestone#29

Newala Formation,
Mascot Dolomite, and
Kingsport Formation

Ordovician Termadocian Dapingian (477.7 - 470
Ma)

Major: {dolostone, limestone},
Minor:{sandstone}, DolomiteLight-gray, fine-grained, wellbedded cherty dolomite; chertmatrix quartz sandstone at base

Limestone#38

Newala Formation;
Mascot Dolomite;
Kingsport Formation;
Longview Dolomite;
Chepultepec Dolomite

Cambrian - Ordovician
Tremadocian Dapingian (477.7 - 470
Ma)

Major: {dolostone, limestone}
Siliceous dolomite and magnesian
limestone sequence

sandstone#18

N/A

Limestone#55

Ridley Limestone;
Lebanon Limestone

Ordovician - Sandbian
(457.4595 - 456.9275
Ma)

Major: {limestone} brownish-gray
limestone, fine-grained, with minor
mottlings of magnesian limestone;
slightly cherty

Limestone#46

Carters Limestone

Ordovician - Sandbian
(456.7375 - 456.5475
Ma)

Major: {limestone}, Incidental:
{bentonite} Fine-grained,
yellowish-brown limestone; very
slightly cherty with scattered
mottlings of magnesian limestone
in lower part

Limestone#44

Bigby - Cannon
Limestone and
Hermitage Formation

Ordovician - Sandbian
(456.5 - 454.525 Ma)

Major: {limestone,
calcarenite}, Minor:{shale},
Incidental:{coquina} sandy and
argillaceous limestone with shale;
nodular shaly limestone; coquina;
and phosphatic calcarenite
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Table 3.2 Continued
Region

Region 4

Geological data for aggregate sources (Peters et al., 2018)

Sample
Name

Age

Lithologies

Limestone#41
Limestone#49
Limestone#47
Limestone#50
Limestone#43
Limestone#42

St. Louis Limestone
and Warsaw
Limestone

Mississippian - Visean
(342.4375 - 338.4 Ma)

Major: {limestone}, Incidental:
{shale}, Fine-grained, brownishgray limestone, dolomitic and
cherty. Warsaw Limestone Coarse-grained, gray, cross bedded
limestone; some what shaly

Limestone#56

Carters Limestone

Ordovician - Sandbian
(456.7374 - 456.5475
Ma)

Major: {limestone}, Incidental:
{bentonite}

Limestone#64

N/A

Limestone#57

St. Louis Limestone
and Warsaw
Limestone

Mississippian - Visean
(342.4374 - 338.4 Ma)

Major: {limestone}, Incidental:
{shale} Fine-grained, brownishgray limestone, dolomitic and
cherty

Limestone#60

N/A

Limestone#70

Ste. Genevieve
Limestone

Mississippian - Visean
(340.3125 - 335 Ma)

Limestone, Limestone, light- to
medium gray, finely to coarsely
crystalline, thick bedded, some
beds oolitic, abundant fossil
fragments, especially crinoid
fragments

Limestone#71
Limestone#75

Pegram Formation;
Camden Formation;
Harriman Formation;
Flat Gap Limestone;
Ross Formation

Devonian - Lochkovian Givetian

Major: {limestone}, Minor:
{chert, clay}, Incidental:{shale,
sandstone} Light gray novaculitic
chert tripolitic clay; and minor
siliceous limestone

Table 3.3: Chemical composition of cement and fly ash
Type
Cement1
Cement2
Fly ash F

SiO2
19.8
19.6
45.6

Al2 O3
4.5
4.6
20.2

Fe2 O3
3.5
2
14.01

CaO
63.1
61.5
10.0

Wt/%
MgO SO3
2.9
2.8
4.1
4.3
2.1
1.59

Total Alkali (Na2 O + 0.658 K2 O)
0.54
1.01
1.99

Table 3.4: Aggregate reactivity classification (ASTM C1778)
Aggregate reactivity
class

Description

1-Year expansion in
ASTM C1293%

14-days expansion in
ASTM 1260%

R0
R1
R2
R3

Non-reactive
Moderately reactive
Highly reactive
Very highly reactive

<0.04
≥0.04, <0.12
≥0.12, <0.24
≥0.24

<0.10
≥0.10, <0.30
≥0.30, <0.45
≥0.45

67

The ASTM C1293 test is considered as the most accurate in predicting ASR reactivity
for both fine and coarse aggregates (Touma et al., 2001). In this study, the reactivity of the
26 limestone aggregates (coarse aggregate) was determined by using a nonreactive natural
sand collected from Region 1, TN. At least three concrete prisms with the dimensions of 3
in. x 3 in. x 11 in. (76 mm. x 76 mm. x 285 mm.) were prepared with a cement content
of 708 lb/cy3 (420 kg m−3 ) and a watercement ratio of 0.45 (Cement2 was used) for each
aggregate sample. The alkali content of concrete was increased to 1.25% Na2 O equivalent of
mass of cement by adding NaOH to the mixing water, which corresponds to an alkali level
of 8.85 lb/cy3 (5.25 kg m−3 ). The coarse aggregate was prepared for testing in according
with the grading requirement specified in ASTM C1293. Samples were cast, then cured
at 73◦ F (23◦ C) in high humidity for 24 hours. Then an initial length was measured and
recorded. Prisms were placed in sealed containers filled with water to a depth of 1 in. (25
mm.) above the bottom. The interior wall of the containers was lined with an absorbent
fabric from the top so that the bottom of the fabric extends into the water, as recommended
by ASTM C 1293. The prisms were placed in a perforated rack in the bottom of the storage
container at 1.5 in. (38 mm.) above the water. The containers with prisms were placed in a
curing room at 100◦ F (38◦ C). The expansion of concrete prisms was measured, in term of the
length change, periodically during a one-year period. The aggregate reactivity is classified
according to Table 3.4.
ASR mitigation tests
The mortar bar test (ASTM C1567) is used to determine an optimum dosage of fly ash
class F to reduce the expansion below 0.1% at 14 days. The procedure of this test is very
similar to the ASTM C1260 except for replacing the cement with a varying percentage of fly
ash. During this study, a fly ash dosage of 15% and 25% by mass of cement were selected
to investigate the mitigation of the reactivity of slowly and moderately reactive aggregates,
while dosages of 20% and 30% by mass of cement were selected to investigate the reactivity
of highly and very highly reactive aggregates.
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Aggregate reactivity and expansion rate classification
The degree of aggregate reactivity (Table 3.4) is generally assessed following the classification
proposed in ASTM C1778-16, Standard Guide for Reducing the Risk of Deleterious AlkaliAggregate Reaction [AAR] in Concrete, based on the expansion results from ASTM C1260
and ASTM C1293. However, a classification based solely on expansion values at the end of
tests has been criticized as being not sufficient for assessing aggregates reactivity (Jensen,
2012; Shon, 2008). The expansion rate (i.e. how fast/slow the expansion is) (Chatterji,
2005) is an important parameter. For example, aggregates expanding at a higher rate of
ASR expansion might cause more concrete degradation than one with a slower rate of ASR
expansion (Abd-Elssamd et al., 2020). The effectiveness of mitigation alternatives is also
affected by the rate of ASR expansion as mitigation options for slowly reactive aggregates
might not work for fast or early reactive aggregates (Katayama, 2010). Katayama (1997)
classified rocks reactivity into four categories based on the type of reactive minerals, rock
types, and the time to reach the 0.04% expansion limit on ASTM C1293: early-expansive
(<50 days), moderately- expansive (50-60 days), late-expansive (90-180 days), and extremely
late-expansive (>180 days). The time to reach the 0.04% expansion limit on ASTM C1293 is
considered in this study to provide information about how fast/slow the concrete expansion
is. The proposed classification includes four categories: Very early-expansive (VEE), Earlyexpansive (EE), Moderately-expansive (ME), and Late-expansive (LE) as shown in Table
3.5. The classification proposed by Katayama (Katayama, 1997) is included for comparison
purpose.
Chemical composition and X-ray diffraction of aggregate
The chemical composition and minerology of aggregate samples were determined using ICPAES analysis and X-ray diffraction analysis of powder samples of aggregates, respectively.
In preparation for testing, a representative sample (about 100-200 grams) was collected from
the left-over aggregate (mainly size of 3/8 in., or 10 mm.) after casting the concrete prisms
for ASTM C1293. The sample was ground in a mini-jaw crusher with ceramic plates and
passed through a 45 µm (No. 325) sieve.
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Table 3.5: Proposed classification of concrete expansion rate
Expansion
rate

Description

Time to reach
expansion of 0.04% on
ASTM C1293%

VEE
EE
ME
LE

Very early - expansive
Early - expansive
Moderately - expansive
Late - expansive

<40 days
40 50 days
50 90 days
>90 days
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Katayama
(Katayama, 1997)
Early - expansive
Moderately - expansive
Late - expansive

A portion of the powder from each aggregate sample (about 50 grams) was shipped to
ALS USA, Inc in Reno, NV to perform a whole rock chemical analysis for the 26 aggregate
samples. A powder sample (0.200 g) is added to lithium metaborate/lithium tetraborate
flux (0.90 g), mixed well and fused in a furnace at 1000◦ C. The resulting melt is then cooled
and dissolved in 100 mL of 4% nitric acid / 2% hydrochloric acid. This solution is then
analyzed by ICP-AES and the results are corrected for spectral inter-element interferences.
Oxide concentration is calculated from the determined elemental concentration. For the loss
on ignition (L.O.I), a powder sample (1.0 g) is placed in an oven at 1000◦ C for one hour,
cooled and then weighed. The percent L.O.I is calculated from the difference in weight. The
total oxide content is determined from the ICP analyte concentrations and L.O.I values.
The X-ray diffraction analysis was performed at the Joint Institute for Advanced
Materials (JIAM) Diffraction Facility, located at the University of Tennessee, Knoxville.
The mineral constituents of each aggregate sample were determined using a Panalytical,
Inc. X-Pert Pro Multipurpose Powder Diffractometer system that linked with the ICDD
(International Center for Diffraction Data) database for phase identification. The conditions
for collecting the XRD data include Co-Kα radiation, scanning from 5◦ to 85◦ 2θ with a step
size less than 0.013◦ , and analysis of the patterns using Rietveld Refinement with HighScore
Plus software.
Petrographic examination of aggregate and concrete
To establish a correlation between aggregate expansion on concrete prim (ATM C1293) and
petrographic examinations of reactive aggregates, examination for aggregate and concrete
made with reactive aggregates was conducted using optical microscopy and SEM-EDS
examinations. The SEM-EDS examination was conducted using a Phenom desktop SEM
coupled with Phenom ProX EDS detector.

The main objective of the petrographic

examinations is to identify potential reactive minerals within aggregate such as amorphous
silica (i.e opal), microcrystalline quartz, or strained quartz (SiO2 ), and also to detect evidence
of AAR in concrete such as the presence of ASR gel, reaction rims around reactive aggregate,
and any signs of dedolomitization process related to ACR. A representative sample (about
500 grams) was collected from the left-over aggregate (mainly contains aggregate sizes 0.5 in.,
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and 3/8 in) after casting the concrete prisms for ASTM C1293. The aggregate samples were
sent to the National Petrographic Service, Inc. to prepare a 2 x 3 in. (50 x 75 mm.) standard
polished thin section for each aggregate (about 25 30 µm thickness). Polished concrete thin
sections were prepared from concrete prisms after one year of conditioning under ASTM
C1293. The concrete samples were cut using oil to prevent potential dissolution of ASR gel.

3.3
3.3.1

Experimental Results
Aggregate Reactivity and Concrete Expansion

The reactivity of 26 limestone aggregates was determined according to the results from
the ASTM C1260 mortar-bar test and the ASTM C1293 concrete prism test as shown in
Table 3.6. The expansion measurements in Table 3.6 represent the mean value for three
specimens. The aggregates that passed the ASTM C1260 were considered as non-reactive
which was confirmed later using petrographic examinations. The aggregate samples that
failed the ASTM C1260 were tested based on the ASTM C1293 to confirm their AAR
reactivity. The samples Limestone#64, #60, and #75 were only examined based on the
ASTM C1293 due to limitation of materials. The results from this study showed that
there is a good agreement between the ASTM C1260 and ASTM C1293 in classifying
limestone aggregates as reactive. However, there is inconsistency in classifying the level
of reactivity between the two tests. Although the ASTM C1260 is known to be very harsh
(and therefore resulting in false ASR positive aggregates) (Folliard et al., 2006), the test
seemed to underestimate the reactivity potential for most of limestone aggregates in this
study. For examples, Limestones#71, #49, #47, and #50 were classified as a moderately
reactive (R1) according to the ASTM C1260 but as a very highly-reactive (R3) in ASTM
C1293. This observation can be partially attributed to the high amount of less expansive gel
that was observed on the surface of mortar bar specimens, as shown in Figure 3.2. The harsh
testing conditions in ASTM C1260 as characterized by a continuous supply of an external
alkaline solution at high temperature might cause the formation of high quantity of ASR
gel with low expansive pressure (Kawamura and Iwahori, 2004) which can leave specimens
without causing significant expansion.
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Table 3.6: Aggregate reactivity and concrete expansion
No

Sample IDs

ASTM C1260
Expansion
(14 days)%

Reactivity
(C1778)

Expansion
(1 year)%

ASTM C1293
Time to reach
Reactivity
0.04% expansion
(C1778)
(days)

Proposed
classification

1
2
3
4

Limestone#56
Limestone#19
Limestone#13
Limestone#55

0.02
0.04
0.06
0.05

R0
R0
R0
R0

0.02
0.03
0.02
0.03

5
6
7
9
10

Limestone#2
Limestone#7
Limestone#46
Limestone#64
Limestone#18*

0.12
0.20
0.11
N/A
0.20

R1
R1
R1
R1

0.09
0.11
0.12
0.07
0.09

R1
R1
R2
R1
R1

97
115
122
135
207

LateExpansive
(LE)

8
11
12
13
14

Limestone#60
Limestone#12
Limestone#28
Limestone#57
Limestone#70

N/A
0.30
0.27
0.24
0.29

R2
R1
R1
R1

0.15
0.14
0.11
0.17
0.19

R2
R2
R1
R2
R2

89
63
69
66
73

ModeratelyExpansive
(ME)

15
16
17
18
19
20

Limestone#29
Limestone#3
Limestone#38
Limestone#41
Limestone#44
Limestone#71

0.25
0.18
0.31
0.20
0.32
0.10

R1
R1
R2
R1
R2
R1

0.16
0.14
0.16
0.15
0.17
0.20

R2
R2
R2
R2
R2
R2

46
47
45
43
50
41

21
22
23
24
25
26

Limestone#49
Limestone#47
Limestone#50
Limestone#43
Limestone#42
Limestone#75

0.22
0.19
0.25
0.26
0.35
N/A

R1
R1
R1
R1
R2
-

0.27
0.27
0.26
0.21
0.20
0.26

R3
R3
R3
R2
R2
R3

28
34
24
33
34
19

Non-Reactive

EarlyExpansive
(EE)

Very-Early
Expansive
(VEE)

R0: non-reactive, R1: moderately-reactive, R2: highly-reactive, R3: very highly-reactive
*This aggregate is a clay- and carbonate-cemented sandstone rather than limestone as originally identified in field

Figure 3.2: Gel deposition on the surface of mortar bars in ASTM C1260
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The ASTM C1260 also known to underestimate the expansion potential for dolomitic
aggregates by producing ASR gel with low expansive pressure (Sommer et al., 2005). Thus,
the level of aggregate reactivity determined from the ASTM C1293 should be used as it has
higher reliability over the ASTM C1260 (Thomas et al., 2013).
The expansion results from the concrete prism test, namely the time to reach 0.04%
expansion, are used to classify the expansion potential (expansion rate) of reactive aggregate
into four categories: very early- expansive (VEE), early- expansive (EE), moderatelyexpansive (ME), and late-expansive (LE) as shown in Table 3.6 and Figure 3.3. The time to
reach 0.04% expansion for the four categories was: 19-34 days for VEE; 41-50 days for EE;
63-89 days for ME; and 97-135 for LE limestone aggregates. Figure 3.3 shows the evolution
of ASR expansion for the four categories of reactive aggregates on the ASTM C1293 test,
each curve represents the average of three samples. The results demonstrate that the VEE
aggregates exhibited the highest expansion (between 0.20-0.27%) at one year. The EE and
ME aggregates produced an expansion between 0.11-0.20% while the LE exhibited the lowest
expansion (between 0.07-0.12%) at one year.
The expansion curve of ASR-affected concrete is typically an s-shape curve that consists
of initial phase of low expansion, a second phase of increased expansion which is followed by a
flat plateau (Jensen, 2012). Aggregates falling in VEE and LE groups do not exhibit a typical
or well-defined S shaped expansion. The initial reaction phase of the VEE aggregate appeared
to be missed, indicating the presence of very high reactive silica. More measurements should
be taken within the first month to catch the slow initial expansion for these aggregates.
On the other hand, the expansion curves for most of the LE aggregates seemed to progress
slowly, and measurements beyond the first year must be collected to reach a flat plateau.

3.3.2

Chemical Testing of Aggregates

The chemical compositions of 26 limestone aggregate samples were determined using ICPAES analysis and summarized in Table 3.7. The table also shows chemical compositions of
typical pure limestone and dolomite rocks for comparison purposes.
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(a) Very early expansive

(b) Early expansive

(c) Moderately expansive

(d) Late expansive

Figure 3.3: The evolution of ASR expansion on ASTM C1293
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Table 3.7: Chemical analysis results (ICP-AES)
Sample
Limestone#56
Limestone#19
Limestone#13
Limestone#55
Limestone#2
Limestone#7
Limestone#46
Limestone#64
Sandstone*#18
Limestone#28
Limestone#60
Limestone#12
Limestone#57
Limestone#70
Limestone#29
Limestone#3
Limestone#38
Limestone#41
Limestone#44
Limestone#71
Limestone#49
Limestone#47
Limestone#50
Limestone#43
Limestone#42
Limestone#75

Reactivity
NonReactive
(NR)
LateExpansive
(LE)

ModeratelyExpansive
(ME)

EarlyExpansive
(EE)

Very-EarlyExpansive
(VEE)

SiO2

Al2 O3

Fe2 O3

CaO

MgO

Na2 O

1.97
2.97
5.19
2.54
6.07
10.75
5.61
2.97
25.3
5.92
14.95
8.36
6.62
9.59
16.3
16.05
7.62
19.45
13.55
8.4
46.3
46.9
42.3
39.7
37.3
15.1

0.46
0.21
1.08
0.57
1.05
1.24
2.04
0.48
3.17
0.88
0.36
0.89
0.68
0.83
3.68
1.26
0.72
1.81
0.90
1.86
3.90
3.56
3.57
2.77
2.64
2.83

0.18
0.09
0.58
0.24
0.40
0.44
0.77
0.23
9.77
0.45
0.13
0.34
0.27
0.36
1.38
0.31
0.21
0.96
0.24
0.78
1.61
1.32
1.38
1.07
1.05
1.14

51.4
52.2
37.3
50.2
32.2
41.5
50.1
50.1
32.6
46.8
47.4
28.4
48.7
43.2
27.7
27.6
37.0
38.8
29.2
47.3
17.05
19.0
27.5
24.1
28.9
40.7

3.82
2.57
13.80
3.65
17.10
8.16
1.86
4.67
1.88
4.95
1.01
19.45
4.13
6.67
14.4
16.5
13.25
4.34
16.65
2.7
7.39
5.76
1.68
4.81
2.23
4.27

0.02
0.01
0.05
0.02
0.01
0.05
0.05
0.03
0.31
0.06
0.02
0.03
0.03
0.05
0.04
0.03
0.02
0.17
0.02
0.04
0.25
0.33
0.34
0.14
0.28
0.06

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

56.07
54.49
45.01
34.77
30.67

0
1.31
9.40
18.14
21.64

Wt/ %
K2 O
Cr2 O3
0.21
<0.002
0.06
0.002
0.80
0.002
0.22
<0.002
0.58
0.002
0.70
0.002
0.52
0.006
0.17
0.003
0.62
0.003
0.17
0.002
0.09
0.002
0.66
<0.002
0.15
0.002
0.16
0.003
1.48
0.003
0.52
0.002
0.32
<0.002
0.5
0.004
0.57
<0.002
0.78
0.002
1.10
0.006
0.94
0.006
0.92
0.005
0.80
0.006
0.68
0.004
1.06
0.002

TiO2

MnO

P2 O5

SrO

LOI

Total

CaO/
MgO

Rock classification based
on CaO:MgO ratio

0.02
0.01
0.05
0.03
0.04
0.05
0.07
0.03
0.17
0.05
0.02
0.03
0.03
0.05
0.17
0.04
0.03
0.13
0.03
0.1
0.22
0.24
0.25
0.16
0.2
0.14

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.49
0.02
0.01
0.02
0.01
0.01
0.03
0.01
0.01
0.01
0.01
0.04
0.02
0.01
0.01
0.01
0.01
0.04

0.01
0.07
0.01
0.01
0.01
0.02
0.02
0.05
0.54
0.02
0.04
0.01
0.06
0.05
0.07
0.01
0.01
0.07
0.02
0.01
0.07
0.06
0.04
0.09
0.05
0.03

0.06
0.04
0.03
0.06
0.01
0.05
0.05
0.03
0.05
0.05
0.05
0.01
0.07
0.07
0.01
0.02
0.02
0.03
0.01
0.02
0.02
0.06
0.05
0.04
0.06
0.03

43.2
42.8
42.5
42.8
43.2
39.0
40.3
42.9
27.0
41.1
36.9
42.4
40.9
39.8
35.8
38.5
41.9
33.3
39.2
38.9
21.2
20.6
22.6
24.4
25.0
35.6

101.36
101.04
101.41
100.35
100.68
101.98
101.42
101.67
101.91
100.47
100.98
100.6
101.65
100.84
101.07
100.85
101.11
99.58
100.4
100.94
99.16
98.81
100.67
98.12
98.41
101.01

13.5
20.3
2.7
13.8
1.9
5.1
26.9
10.7
17.3
9.5
46.9
1.5
11.8
6.5
1.9
1.7
2.8
8.9
1.8
17.5
2.3
3.3
16.4
5.0
13.0
9.5

Slightly dolomitic limestone
Slightly dolomitic limestone
Dolomitic limestone
Slightly dolomitic limestone
Slightly calcite dolomite
Dolomitic limestone
Slightly dolomitic limestone
Slightly dolomitic limestone
Sandstone
Slightly dolomitic limestone
Slightly dolomitic limestone
Dolomite
Slightly dolomitic limestone
Dolomitic limestone
Slightly calcite dolomite
Slightly calcite dolomite
Calcite dolomite
Dolomitic limestone
Slightly calcite dolomite
Slightly dolomitic limestone
Calcite dolomite
Calcite dolomite
Slightly dolomitic limestone
Dolomitic limestone
Slightly dolomitic limestone
Slightly dolomitic limestone

0
0
0
0
0

0
0
0
0
0

43.9
44.2
45.6
47.2
0

99.97
100
100.01
100.11
100.01

infinity
41.6
4.79
1.92
1.68

limestone
Slightly dolomitic limestone
Dolomitic limestone
Slightly calcite dolomite
Slightly calcite dolomite

Examples of typical pure limestone rocks (mdn, 2011)
Calcite limestone
Magnesium limestone
Dolomitic limestone
Calcite dolomite
Dolomite

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
47.7

*This aggregate is a clay- and carbonate-cemented sandstone rather than a limestone as originally identified in field
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0
0
0
0
0

The results indicated that the tested limestones from Tennessee show a wide range of
variations in LOI (20.6% to 43.2%), SiO2 (1.97% to 46.9%), Al2 O3 (0.21% to 3.90%), Fe2 O3
(0.09% to 1.61%), CaO (17.05% to 52.2%), MgO (1.01% to 19.45%), NaO2 (0.01% to 0.34%),
K2 O (0.06% to 1.48%), and TiO2 (0.01% to 0.25%). Traces of Cr2 O3 , MnO2 , P2 O5 , SrO, and
BaO are present. The aggregates samples are classified based on the ratio of CaO to MgO
into six categories (Chilingar, 1960): limestone (> 50.1), slightly dolomitic limestone (9.150.1 ), dolomitic limestone (4.0-9.1 ), calcitic dolomite (2.2-4.0), slightly calcitic dolomite
(1.5-2.2), and dolomite (1.4-1.5).
The chemical analysis of tested limestones showed that the CaO + MgO content of
limestones has a very strong negative correlation with that of the silica (SiO2 ) (Table 3.8
and Figure 3.4a). The negative correlation between CaO+MgO and SiO2 is because the
CaO+MgO (from calcite and dolomite) and SiO2 (mostly from different types of quartz)
are mainly from different sources that are mutually exclusive. The alumina (Al2 O3 ) showed
negative correlation with CaO + MgO and positive correlation with NaO2 , K2 O, and TiO2
which is consistent with presence of clay minerals and feldspar. In fact, the alumina content
has been commonly used as a quantitative measure for the clay content in sedimentary
carbonate rocks, assuming the clay is the only major mineral that contributes alumina to
the chemical analysis results (Rogers, 1986). Similarly, the positive correlation between
SiO2 and Al2 O3 contents shown in Table 3.8 and Figure 3.4b provides an indication of the
presence of quartz minerals and clay minerals, e.g. an argillaceous matrix which is commonly
observed in reactive limestones (Swenson and Gillott, 1964; Gillott, 1963, 1964; Hadley,
1961; Guangren et al., 2002). Similar correlations have been observed in siliceous limestone
aggregates from India (Rao et al., 2011), suggesting that the chemical composition of the
limestones can strongly reflect its mineralogical composition and could provide information
about the potential for ASR.

3.3.3

Petrographic Examination of Aggregate and Concrete

Petrographic examinations including optical microscopy and SEM-EDS examinations of
aggregates and concretes from the expansion test (ASTM C1293) were conducted on selected
samples that represent different expansion potential.
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Table 3.8: Correlation coefficients of oxides of the limestone aggregates

SiO2
Al2 O3
Fe2 O3
CaO
MgO
Na2 O
K2 O
TiO2
LOI
Cao+Mgo

SiO2

Al2 O3

Fe2 O3

CaO

MgO

Na2 O

K2 O

TiO2

LOI

CaO+MgO

1.00
0.82
0.32
-0.79
-0.20
0.88
0.57
0.90
-0.98
-0.99

1.00
0.48
-0.70
-0.15
0.78
0.85
0.96
-0.86
-0.86

1.00
-0.25
-0.23
0.56
0.24
0.43
-0.44
-0.41

1.00
-0.43
-0.60
-0.71
-0.68
0.71
0.85

1.00
-0.37
0.25
-0.28
0.32
0.11

1.00
0.43
0.89
-0.92
-0.88

1.00
0.73
-0.56
-0.63

1.00
0.93
0.91

1.00
0.98

1.00

(a) SiO2 and (Cao + MgO) contents

(b) SiO2 and Al2 O3 contents

Figure 3.4: Chemical composition of aggregates
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Observations and findings from optical microscopy are summarized in Table 3.9. The
SEM-EDS examination indicated the presence of finely dispersed silica (i.e. cryptocrystalline
quartz) within carbonate matrix as discussed later within the following section.

The

petrographic exanimation provided qualitative information about the rock types in aggregate,
estimated major and minor constituent minerals in aggregates, identified reactive silica and
minerals in aggregates, and documented evidence of alkali aggregate reaction in concrete.

3.3.4

Minerals Quantification Using X-Ray Diffraction (XRD)

The mineralogical composition of each aggregate was quantified using the Rietveld refinement
analysis of X-ray powder diffraction patterns.

In the Rietveld method, a calculated

diffraction pattern is generated using ICDD (The International Center for Diffraction Data)
databases and compared with the observed pattern generated by XRD analysis, then phase
quantification is automatically conducted using default Rietveld refinement on HighScorePlus software. Quality measures such as Rwp (weighted profile R-value) and GOF (goodness
of fit) are calculated by the software to give indication about the quality of the data (Rwp )
and how good the calculated pattern is fitted to the observed pattern (GOF). For complex
patterns (i.e. containing three phases or more) an Rwp value < 15% is considered for a
good pattern, and a GOF value < 2 is considered for good fitting and refinement (Deg,
2017). The mineralogical composition and quality measures of all aggregates are estimated
from XRD analysis and summarized in Table 3.10. The table also shows the mineralogical
compositions of typical pure limestone and dolomite rocks for comparison purpose. The
XRD results indicated that the limestone samples were mostly crystalline and dominantly
composed of calcite (0.3 to 83%), dolomite (0.8 to 89%), ankerite (0.4 to 5.3%), feldspar (0.4
to 4.1%), quartz (1.4 to 45%), and some clay and mica minerals such as illite and muscovite
(0 to 14.2%). Illite is a very common clay mineral in sedimentary rocks (Horton, 2017). It
is formed by alteration of muscovite and feldspar and it has a structure similar to that of
muscovite. For this reason, it is very difficult to distinguish between illite and muscovite in
XRD pattern as they have similar structure and they share same peak locations. Trace and
minor amount of pyrite, chlorite, gypsum, and anhydrite were also detected in some reactive
aggregates.
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Table 3.9: Optical characterization of aggregate and concrete samples
Reactivity

Sample
IDs

Non Reactive
(NR)

Limestone#13 Aggregate

Aggregate
Classification
per AEE

Limestone#55 Aggregate

Limestone#56 Aggregate

Late Expansive
(LE)

Limestone#2

Aggregate

Concrete
Limestone#7

Aggregate

Concrete

Limestone#64 Aggregate
Concrete

Limestone
/ Sandstone#18

Aggregate

Rocks in Aggregate / Major
Characteristics

Major Minerals and Descriptions

Mainly medium or coarse grained dolomite;
small amounts of dolomitic limestone. No
visible reactive siliceous components
Mainly micritic limestone and dolomitic
limestone. The latter contains more and larger
dolomite rhombs than typical ACR reactive
rock described in literature. No visible reactive
siliceous components
Mainly limestone. Small amounts of dolomite.
No significant amounts reactive siliceous
components

Major: dolomite, calcite
Minor to trace: sulfides and clay

Mainly dolomite (approx.. 22 particles) with
one chert particle

Calcite and dolomite. Trace amounts of clay?

Mainly calcite and dolomite. Trace sulfides and
microcrystalline quartz or chert

Mainly dolomite and calcite; minor
microcrystalline quartz and probably clay; trace
sulfides/oxides
ASR gel lines a few voids; frequent internal cracks in coarse aggregate particles; paste generally
does not exhibit cracking. Evidence of minor dedolomitization or ACR
Dolomite, argillaceous dolomitic limestone, and
Major: dolomite, calcite
limestone; contained many clastic quartz grains
Minor: quartz, clay, mica, bitumithat may not be ASR reactive; Minor, localized
nous/carbonaceous material
chert
ASR gel lines a few voids and microcracks; frequent internal cracks in coarse aggregate particles
that occasionally extended into paste; paste generally does not exhibit cracking. Evidence of
minor dedolomitization or ACR
Mainly limestone and dolomitic limestone; a
Major: Calcite
few chert particles (in concrete specimen)
Minor: dolomite, quartz
ASR gel lines a few voids (mainly associated with chert particles); less frequent internal
cracks in coarse aggregate particles than Samples 2 and 7 (aggregate in Sample 64 is in better
condition); paste generally does not exhibit cracking. Evidence of frequent dedolomitization
Fe-cemented sandstone consists of both siliceous
Calcite, quartz, and goethite or other Feand carbonate grains/clasts
containing phases
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Table 3.9 Continued
Reactivity

Early
and Moderately
Expansive
(EE)

Sample
IDs

Aggregate
Classification
per AEE

Rocks in Aggregate / Major
Characteristics

Concrete

A few coarse aggregate particles cracked. ASR gel lines portion of cracks and in a few voids.
Reactive components are likely strained quartz in sandstone and microcrystalline silica cement

Limestone#60 Aggregate

Limestone#3

Concrete
Aggregate

Concrete
Limestone#38 Aggregate
Concrete
Limestone#41 Aggregate

Concrete
Limestone#71 Aggregate

Concrete

Mainly limestone; a couple of cherty limestone
particles observed in the thin section
examination

Major Minerals and Descriptions

Major: calcite
Minor: microcrystalline quartz/chert

ASR gel lined a few voids. Observations made on saw-cut sections only
Major: dolomite
Mainly dolomite. A few dolomite particles
contain small amounts of interstitial chert or
Minor: microcrystalline quartz, possibly clay
micro silica between dolomite rhombs (cherty
and opal-CT?
dolomite)
ASR gel lined a few voids
Mainly dolomite; small amounts of chert,
Major: dolomite, microcrystalline quartz
dolomitic chert, and cherty dolomite
Minor: calcite and clay minerals
ASR gel lined many voids
Dolomitic limestone and smaller amounts of
Major: calcite, dolomite, quartz grains (not or
arrenaceous cherty limestone
less reactive), and microcrystalline quartz
Minor to trace: gypsum?
Microcracks in coarse aggregate particles; ASR gel lined a few voids
Principally limestone of different crystal size,
Major: calcite
from coarse marble-like calcite to micritic
Minor to trace: microcrystalline quartz/chert
calcite. One particle contains significant
amounts of chert based on thin-section
examination
ASR gel lined many voids
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Table 3.9 Continued
Reactivity

Sample
IDs

Very Early Expansive
(VEE)

Limestone#49 Aggregate

Aggregate
Classification
per AEE

Concrete

Limestone#50 Aggregate

Concrete

Limestone#75 Aggregate

Concrete

Rocks in Aggregate / Major
Characteristics

Major Minerals and Descriptions

Major: dolomite, quartz (principally microMainly cherty dolomite, cherty dolomitic
crystalline), calcite
limestone, and shaley or argillaceous dolomitic
limestone
Minor: opal-CT (?) in shaley
dolomite/limestone, sulfides (pyrite), gypsum,
Small amounts of dolomoite, marble and calcmica/clay, carbonaceous/organic matter,
silicate (large carbonate crystals with microsilica)
chlorite
Particles are mainly dark gray to black
Acid-insoluble residue appeared to be high
Most coarse aggregate particles are cracked or severely cracked
Cracks frequently extended into paste
ASR gel frequently filled/lined air voids, occasionally occurred in cracks
Mainly limestone and argillaceous cherty
Calcite, quartz, dolomite, opal-CT (?),
limestone, with minor detrital quartz and
carbonaceous/organic matter, trace anhydrite
possibly amorphous silica (opal)
and pyrite
Most or majority coarse aggregate particles are cracked or severely cracked
Cracks frequently extended into paste
ASR gel frequently filled/lined air voids, occasionally occurred in cracks
Chert or cherty limestone appeared to be in better condition than black/dark gray argillaceous
cherty limestone
Mainly argillaceous dolomitic limestone and
Major: calcite and dolomite
small amounts of marble
Minor: quartz, clay, carbonaceous/organic
A small portion of the argillaceous dolomitic
matter, pyrite
limestone may be alkali-carbonate reactive
Overall appeared less reactive silica components
Argillaceous dolomitic limestone particles are
than 49 and 50
mainly greenish gray; marble particles are gray
Argillaceous dolomitic limestone particles are generally affected by AAR and cracked
Marble particles are in good condition and free of evidence of AAR
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Table 3.10: Mineralogical composition of aggregates using XRD analysis
Reactivity

NR

LE

ME

EE

Sample IDs

Quality
Measures

Wt/%

Calcite

Dolomite

Ankerite

Feldspar

Mica/Clay
hline Illite and
Muscovite

Quartz

Others

Rwp

GOF

Limestone#56
Limestone#19
Limestone#13
Limestone#55
Limestone#2
Limestone#7
Limestone#60
Limestone#46
Limestone#64
Limestone#12
Limestone#57
Limestone#28
Limestone#70
Limestone#29
Limestone#3
Limestone#38
Limestone#41

80.8
80.3
26.3
77.5
10.0
51.6
79.9
83.3
75.6
0.3
68.4
53.3
7.5
3.1
24.2
49.1

14.2
13.9
63.6
18.3
82.0
33.6
3.2
6.2
19.6
88.8
24.2
34.2
72.0
78.3
66.2
20.3

2.0
2.0
5.0
0.9
1.1
2.0
1.1
1.4
1.5
1.1
0.8
1.4
2.0
0.9
0.8
0.4

1.6
1.0
3.5
1.8
1.5
4.1
0.9
2.6
0.5
1.7
1.3
1.3
2.1

1.1
0.7
1.3
5.0
1.6
1.3
1.3
1.9
6.8
2.7
1.5
2.5

1.4
2.8
1.6
1.5
4.3
8.0
14.5
3.0
1.7
5.7
4.8
9.1
10.0
13.7
6.1
20.9

12.17
9.36
11.87
12.38
13.95
13.44
11.12
12.31
12.40
20.74
12.34
14.87
10.99
15.05
14.36
13.75

1.47
1.14
1.54
1.51
1.81
1.69
1.37
1.53
1.50
2.82
1.52
1.89
1.52
2.15
1.98
1.79

Limestone#44
Limestone#71
Limestone#49

5.0
75.4
5.1

79.0
9.3
32.7

1.3
3.1
1.6

2.1
1.5
-

1.6
5.2
14.2

11.0
5.5
42.3

14.93
12.95
10.36

1.97
1.61
1.48

Limestone#47

13.3

24.0

4.0

2.8

7.1

44.0

10.17

1.43

Limestone#50

39.0

0.8

5.3

2.7

6.0

45.0

11.54

1.59

Limestone#43

27.6

20.8

2.4

0.4

8.3

38.9

12.20

1.67

Limestone#42

45.8

1.3

3.6

2.4

7.0

38.8

13.09

1.75

Limestone#75

63.0

18.2

2.0

-

5.2

11.2

0.5 Pyrite
0.2 Pyrite
0.3 Chlorite
3.1 Gypsum
0.6 Pyrite
1.0 Anhydrite
1.0 Magnesium
Oxide Carbonate,
0.6 Chlorite,
1.6 Gypsum,
0.9 Pyrite
1.8 Anhydrite,
0.4 Pigeonite,
0.4 Titanium silicon,
1.5 Gypsum,
0.7 Pyrite
1.1 Pyrite,
0.3 Gypsum
0.8 Pyrite,
0.8 Gypsum
0.6 Pyrite,
0.5 Gypsum
0.3 Pyrite,
0.1 Gypsum

11.12

1.44

VEE

Examples of typical pure limestone and dolomite rocks (mdn, 2011)
Calcite limestone
Magnesium limestone
Dolomitic limestone
Calcite dolomite
Dolomite

100
94.0
57.0
17.0
1.0

0
6.0
43.0
83.0
99.0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

83

0
0
0
0
0

0
0
0
0
0

N/A

3.4

Results Discussion and Analysis

The main objective of this study is to investigate correlations between the reactivity and
expansion rates of limestone aggregates measured on the concrete prims test (ASTM C1293)
and their chemical and mineralogical compositions. Results from concrete expansion tests,
chemical analysis, petrographic examination, and X-ray powder diffraction are presented in
previous sections and discussed below. In addition, ASR mitigation of reactive aggregates
using fly ash class F are discussed. A field case study of reactive dolomitic limestone in
concrete pavement within Tennessee is also presented.
The current assessment methodology for evaluating aggregate reactivity relies only on
expansion values at the end of tests (Table 3.4) which has been criticized as being not enough
for assessing aggregates reactivity (Jensen, 2012; Shon, 2008). The expansion rate (i.e. how
fast/slow the expansion is) is considered a major factor that affects the degradation of the
ASR-affected concrete (Abd-Elssamd et al., 2020). In this study, the ASR expansion rate is
considered by classifying the reactivity of limestone aggregates based on the time to reach
the 0.04% expansion limit on ASTM C1293 into four categories: very early-expansive (VE <
40 days), early- expansive moderately (EE :40-50 days), Moderately-expansive (ME: 50-90
days), and late-expansive (LE > 90 days) . The expansion of all reactive aggregates is shown
in Figure 3.3 and summarized in Figure 3.5 by averaging each group into a single expansion
curve. The average ultimate expansion at one year is 0.25% for VEE aggregates, (0.15%0.16%) for EE and ME aggregates, and 0.10% for LE aggregates. These values correspond to
the very highly reactive (≥ 0.24%), highly reactive (0.12%-0.24%), and moderately reactive
(0.04%-0.12%) classifications on the ASTM C1778 (Table 3.4), respectively.

The well-

known reactive argillaceous dolomitic limestone aggregate from Pittsburg quarry- Ontario,
Canada (Kingston aggregate) (Swenson and Gillott, 1964; Gillott, 1963, 1964; Hadley, 1961;
Guangren et al., 2002) and the highly reactive siliceous limestone from the Spratt quarry in
Ottawa, Canada (Spratt limestone) (Fournier et al., 2009; Sims and Nixon, 2003) showed
very similar expansion behavior on ASTM C1293 to that of VEE and EE aggregates (i.e. <
50 days to reach the 0.04% limit).
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Figure 3.5: The average expansion curve for each reactive group. Expansion curves
represent an average and standard deviation of 6 aggregates of VEE category, 6 aggregates
of EE, 5 aggregates of ME category, and 5 aggregates of LE category.
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Concrete structures built with Kingston and Spratt limestones showed characteristic
pattern-cracking due to AAR within 3 years (Rogers, 1986) and 10 years (Fournier et al.,
2004) exposure, respectively.

3.4.1

Optical Microscopy

Optical microscopy characterization of aggregates and concrete is performed in this study
and summarized in Table 3.9. The non-reactive aggregates (Limestone#13, #55, and #56)
are mainly composed of fairly pure limestone or dolomite that contained predominantly
calcite and dolomite minerals with trace amounts of sulfides and clay. No visible reactive
siliceous components could be identified in Limestone#13 and #55, and only trace of
microcrystalline quartz or chert was noticed in limestone#56. The late expansive limestone
aggregates (Limestone#2, #7, #64) are mainly limestone (#64) or dolomite/dolomitic
limestones (#2 and #7) with minor amount of microcrystalline quartz/chert and probably
clay and trace amount of sulfides/oxides. The sample#18 is a clay- and carbonate-cemented
sandstone rather than a limestone as originally identified in field. The early and moderately
expansive aggregates (Limestone#3, #38, #41, #71, and #60) are mainly dolomite with
small amounts of chert, dolomitic chert, and cherty dolomite (#3 and #38), or dolomitic
limestone with minor amount of microcrystalline quartz (#41 and #71). Minor to trace
amount of clay and possible opal-CT might be present. The very-early expansive aggregates
(Limestone#49, #50, #75) are mainly cherty dolomite (Figures 3.6 c&d) or argillaceous
dolomitic limestone (#49 and #75) (Figures 3.6 a&b) or argillaceous cherty limestone
(#50) (Figures 3.7 a&b), with minor detrital quartz and possibly amorphous silica (opal)
(Figures 3.8 c&d). The reactive components detected under light microscope are principally
micro-crystalline quartz and chert. There is a trace amount of sulfides (pyrite), gypsum,
mica/clay, carbonaceous/organic matter, and chlorite. Overall, Limestone#75 appeared to
contain less reactive silica components than #49 and #50, consistent with SiO2 content
from chemical analysis (Table 3.7): 46.3%, 42.3%, and 15.1% for #49, #50, and #75
respectively. Examinations of concrete samples from reactive aggregates revealed that most
coarse aggregate particles are cracked or severely cracked (Figure 3.9), cracks frequently
extended into paste, and ASR gel frequently filled/lined air voids and cracks.
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Figure 3.6: Optical micrographs of various silica forms in the limestone aggregates under
plane (left) and crossed polarizer (right): (a&b) argillaceous dolomitic limestone, (c&d)
cherty dolomite
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Figure 3.7: Optical micrographs of various silica forms in the limestone aggregates under
plane (left) and crossed polarizer (right): (a&b) Argillaceous Cherty Dolomite, (c&d) Shaley
dolomite. ASR gel fills cracks indicated by Red arrows
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Figure 3.8: Optical micrographs of various silica forms in the limestone aggregates under
plane (left) and crossed polarizer (right): (a&b) meta chert, (c&d) Opal, amorphous silica
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Figure 3.9: Micrographs of reactive concrete: (a) Cracked coarse aggregates, (b) Gel in
voids and cherty limestone, (c&d) gel in voids and cracked argillaceous dolomitic limestone
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Although petrographic examinations of concrete samples showed evidence of minor
dedolomitization or traditional ACR in some aggregates (Table 3.8), the presence of
significant amount of microcrystalline quartz/ chert and other reactive silica forms and the
presence of ASR gel in cracks and voids confirm that the expansion of reactive limestone
aggregates is mainly driven by alkali-silica reaction.
Indeed, several factors play roles in the reactivity of SiO2 in the pore solution of concrete
including the properties of the silica structure itself such as crystallinity (Mladenovič et al.,
2009; McNally et al., 2004), crystal size (Wigum, 1995; Zhang et al., 1990), number and
distribution of crystal defects (Wenk et al., 2008), and the amount of reactive silica presets
in aggregates (Anaç et al., 2012). The reactive aggregates in this study seem to contain
reactive SiO2 forms, such as microcrystalline quartz, chert, and finely disseminated silica in
argillaceous and carbonate matrices. These forms of silica are known to be very reactive to
alkalis in concrete due to their fine grain size (Lindgård et al., 2012) and their occurrence
as isolated particles (Grattan-Bellew and Katayama, 2017). Reactivity of similar highly
reactive siliceous limestone aggregates was attributed to the presence of finely dispersed
SiO2 of 410 µm (micro- to crypto-quartz) observed with the aid of Scanning Electron
Microscope (SEM) and Transmission Electronic Microscope(TEM)(Bourdot et al., 2018;
Guédon-Dubied et al., 2000). The cryptocrystalline form of quartz, usually less than 10 µm
in size, is considered as a very reactive form of silica and it is undetectable by thin section
optical microscopy if the thin section is thick (Katayama, 2010). This type of silica is very
common in highly reactive carbonate aggregates such as argillaceous dolomitic limestones
(previously known to be ACR reactive) (Katayama, 2010) and siliceous limestone (Monnin
et al., 2006; Guédon-Dubied et al., 2000), and it is usually present in carbonate matrix and
within clay-rich areas (Bourdot et al., 2018). Grattan-Bellew and Katayama (Grattan-Bellew
and Katayama, 2017) considered the cryptocrystalline quartz, a finely dispersed quartz, is
responsible of deleterious ASR expansion of several dolomitic aggregates from Canada and
Australia that previously known to be ACR reactive.
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3.4.2

SEM Examination

High-resolution petrographic examination is required to detect cryptocrystalline quartz
and to identify reaction products in reactive carbonate rocks (Katayama, 2004; GrattanBellew and Katayama, 2017). In this study, several concrete thin sections were selected
for SEM-EDS examinations including late expansive aggregates (#2 and #64) and very
early expansive aggregates (#50 and #75). The results indicated the presence of fine
dispersed silica in addition to chert (aggregation of silica). ASR gel has been detected
within carbonate matrix in both the late expansive (Limestone#2) and very early expansive
aggregate (limestone#75), as shown in Figures 3.10 and 3.11. The ASR gel appeared to
contain Mg, Na, K, Ca, and Si in addition to small amount of Al (small peak between
Si and Mg). The Mg is probably related to the brucite from dedolomitization based on
Grattan-Bellew and Katayama (Grattan-Bellew and Katayama, 2017).

3.4.3

Chemical Composition

The petrographic examinations of limestones under investigation indicated that most of the
silica detected under optical microscopy or SEM examinations are reactive forms including
microcrystalline quartz, chert, and finely disseminated silica (cryptocrystalline quartz) in
argillaceous and carbonate matrices. As a result, the proportion of SiO2 content from
chemical composition (Table 3.7) could be associated with the presence of reactive silica
forms. In fact, the total silica content (SiO2 ) from chemical composition showed a strong
correlation with the expansion results from the concrete prism test as shown in Figure 3.12a.
The expansion at one year on ASTM C1293 increases as the silica content of aggregates
increases. The Limestone#75 is excluded as an outlier. This aggregate showed very high
expansion with only 15% silica content and it could be attributed a presence of high content
of very fine form of silica such as cryptocrystalline quartz. The expansion rate (the time to
reach 0.04% limit on ASTM C1293) also showed strong relation to silica content as shown
with the box charts in Figure 3.12b, each box chart represents the data from 5 aggregates.
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Figure 3.10: SEM micrograph from Limestone#2: Dolomite particle showing fine disperse
silica (Purple color) and magnesium-silica gel (ASR gel). The micrograph is generated by
overlapping the silica map (Purple) on backscatter image. EDS spot analysis showing the
composition of AS gel (Red arrows) and dispersed silica (Red circles) with dolomite particle
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(a) Fine disperse silica

(b) ASR gel lining cracks

Figure 3.11: SEM micrographs from Limestone#75: (a) dolomitic limestone particle
showing fine dispersed silica, (b) magnesium-alkali-silica gel (ASR gel) lining cracks

(a) Correlation between silica and expansion

(b) Correlation between silica and expansion
rate (reactivity)

Figure 3.12: Correlation between silica content in limestone aggregate and expansion in
ASTM C1293
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The box charts show that the non-reactive limestone aggregates contain no more than
5% silica, the late expansive aggregates contain no more than 10% silica, the moderately
and early expansive aggregates contain between 6-19% silica, and the very early expansive
aggregates contain between 15- 47% silica. Of course, the crystal size of reactive silica, for
example cryptocrystalline vs. microcrystalline quartz, would play a major role on reactivity.
However, studies of greater detail on effect of crystal size and reactive silica grain size were
not conducted.
Other highly reactive siliceous limestone aggregates studied by Gao et al. Gao et al.
(2013) and Bourdot et al. (2018) contained between 15 -20% total silica content which is very
consistent with the findings from this study; indicating that the silica content of limestones
might be mostly reactive. Nevertheless, certain arenaceous limestones similar to Limestone
#18 (essentially a sandstone) may contain large amounts of insoluble silica, which mainly
occurs as well-crystallized clastic (or detrital) quartz grains dispersed in carbonate matrix
or groundmass. Such rocks do not cause substantial AAR-related expansions in concrete
despite their high silica content (25.3% SiO2 ).
The alumina content seems to give an indication of limestones reactivity. In fact, the most
reactive aggregates (VEE) showed the highest alumina content (2.64-3.90%) in comparison to
non-reactive aggregates (< 1%). The high alumina content can be attributed to the presence
of argillaceous matrix (a mix of clay minerals and fine quartz) as observed from petrographic
examination. Dolomitic limestone with similar argillaceous matrix are known be very reactive
(Katayama, 2010; Rogers, 1986). In fact, the most common highly reactive carbonate rocks
are mainly composed of fine grain quartz with an argillaceous matrix (Fernandes et al., 2016).
This indicates that the chemical composition of limestone aggregates, namely the silica and
alumina content can provide essential information about AAR reactivity. The chemical
composition of carbonate aggregates has been used to screen potentially ACR aggregates, a
plot of (CaO: MgO) ratio versus A12 O3 content (Rogers, 1986). Nevertheless, limited effort
has been made to relate silica oxide or alumina oxide to reactivity involving limestones before
this study, which seems to be very significant for the aggregates investigated.
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3.4.4

Minerals Quantification Using X-Ray Diffraction (XRD)

The XRD patterns are shown in Figures 3.13, 3.14, and 3.15 for non-reactive, moderatelyexpansive, and very early-expansive aggregates, respectively. The non-reactive aggregates
contained relatively small amount of quartz (1.4 -2.8%) and no mica/clay minerals were
detected. The late expansive and moderately expansive aggregates showed higher amount of
quartz (1.7- 14.5%) and clay/mica minerals (0.7-5.0%) than that of non-reactive aggregates.
The early expansive aggregates contained 5.5-20.9% quartz and up to 6.8% clay/mica
content. The very early expansive aggregates showed the highest amount of both quartz
(11.2-45%) and clay/mica minerals (5.2 -14.2%). This is clearly observed in the low two
theta region of the XRD patterns (below 10◦ on 2θ axis) of the very early reactive aggregates
(Figure 3.15) which indicates strong peaks of clay/mica minerals.

This observation is

consistent with the findings from chemical analysis and petrographic examinations which
indicated the presence of argillaceous matrix (fine-grained clay-mica minerals) in the VEE
aggregates and the high alumina content. Similar highly reactive siliceous limestones studied
by Castro and Wigum (2012b) and Gao et al. (2013) showed similar clay peaks in XRD
patterns, in agreement with the observations in this study.
Figure 3.16 shows almost a unity relation between the silica content determined by ICP
chemical analysis and the quartz content determined by XRD analysis. The correlation
in Figure 3.16 more likely suggests that quartz is the major source of SiO2 detected by
chemical analysis. Quartz detected by XRD for the studied aggregates may include mainly
microcrystalline quartz such as chert in reactive aggregates and sand-size, well-crystalized
quartz grains in non-reactive aggregates (clastic origin). The latter is non-reactive or far less
reactive than the former. Amorphous silica (opal) and probably cryptocrystalline silica are
very reactive forms of silica and would appear as a large hump in XRD pattern.

3.4.5

ASR Mitigation for Reactive Limestone Aggregates

Fly ash class F is known to be effective in mitigating ASR if used at sufficient levels of cement
replacement (Touma et al., 2001). For the prevention of ASR, the recommended replacement
rates for Class F fly ash are between 15 and 40% of cement depending on aggregates reactivity
(ASTM 1778). Higher rates are often necessary for highly reactive aggregates.
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Figure 3.13: XRD pattern for non-reactive aggregates

Figure 3.14: XRD pattern for moderately-expansive aggregates
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Figure 3.15: XRD pattern for very early-expansive aggregates

Figure 3.16: Relation between silica content determined by ICP and quartz content
determined by XRD
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In this study, a performance-based approach was conducted to evaluate ASR mitigation
options for aggregates with different expansion rates (e.g. LE, ME, EE, VEE) using fly ash
class F. The ASTM C 1567 (accelerated mortar-bar method) was conducted to investigate
15% and 25% cement-replacement with fly ash for late and moderately expansive aggregates,
and 20% and 30% replacement for early and very early expansive aggregates. Figure 3.17
presents ASR mitigation results for late expansive (limestone#7) and moderately expansive
aggregates (limestones #28 and #70), and Figure 3.18 presents mitigation results for early
expansive (limestones #29 and #38) and very early expansive aggregates (limestone#42).
For the late and moderately expansive aggregates, 15% fly ash replacement was not effective
to maintain the expansion below the acceptable limit of ASTM C1567 (< 0.1% expansion
at 14 days). The cement replacement with 25% fly ash class F was sufficient. For early
and very early expansive aggregates, 30% fly ash replacement was adequate to maintain
the expansion below 0.1% at 14 days. This findings are consistent with replacement levels
recommended by Fournier et al. (2004) obtained from outdoor blocks contained aggregate
with different reactivity. A fly ash replacement of 30% was required to maintain the outdoor
blocks expansion of highly reactive aggregates below deleterious limit.

3.4.6

A field Case of a Reactive Carbonate Aggregate from
Tennessee

A possible case of ASR occurrence was initially identified in a concrete pavement in west
Tennessee in Memphis (Region 4).

Significant cracking is present in a section of the

concrete pavement that was constructed 11 years ago (Figure 3.19). Core samples were
collected from the affected area and examined under polarizing microscope and SEM-EDS.
Optical microscopy indicated the coarse aggregate as a reactive cherty dolomitic limestone
aggregate with high amount of chert (microcrystalline quartz) and possibly cryptocrystalline
quartz, similar to the reactive particles observed in the early/very early reactive limestones
(EE/VEE). Figure 3.19 shows a reactive dolomitic aggregate with crystalline ASR gel filling
cracks. The ASR gel contained K, Ca, and Si in addition to small amount of Na, Al, and
Mg, (small peaks between Si and Mg). The Mg is probably related to the brucite from
dedolomitization based on Grattan-Bellew and Katayama (Lindgård et al., 2012).
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Figure 3.17: Mitigation of late and moderately expansive limestone aggregates

Figure 3.18: Mitigation of early and very early expansive limestone aggregates
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(a) Cracking of a concrete pavement

(b) core sample from the pavement

Figure 3.19: Concrete pavement affected by ASR in Memphis, TN (Photo credit: TDOT)
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This is evident in Figure 3.20 which shows diamond-like dolomite crystals with a
dedolomitization rim. Figure 3.21 shows ASR gel within a chert particle with no evidence of
Mg. The ASR gel from the field concrete shows a combination of a crystalline form (needlelike as shown in Figure 3.20) and an amorphous form as shown in Figure 3.21. ASR gel is
known to transform into a crystalline form as aging (Lindgård et al., 2012). The composition
of ASR gel in concrete samples conditioned in the lab (Figures 3.10 and 3.11) seems to have
very similar composition to the amorphous gel observed from field concrete. However, the
crystalline form of ASR gel from the concrete pavement seems to contain relatively low Na
content. Nevertheless, the ASR affected concrete pavement contains reactive cherty dolomitic
limestone similar to the highly reactive aggregates investigated in this study. This indicates
that concrete structures built with early and very early expansive dolomitic limestones might
show ASR distress within the first 10 years of construction.

3.5

Summary and Conclusions

A study was conducted to investigate the influence of mineralogical and chemical composition
of 26 dolomitic limestone aggregates, collected from four different regions of the state of
Tennessee, on their alkali aggregate reaction, concrete expansion rates, and AAR mitigations.
The aggregates reactivity and concrete expansion potential were determined using mortar
bar tests (ASTM C1260 and C1567) and concrete prisms (ASTM C1293). Petrographic
examination including optical microscopy and SEM EDS analysis, X-ray powder diffraction,
and chemical analysis using ICP-AES were conducted to study aggregate mineralogy and
their chemical composition. The findings from this study are significant because they can
be used to provide quick means for assessing aggregate reactivity for Tennessee limestones
or other limestones with similar characteristics. The main findings are summarized below:
1. Most of the silica identified within the limestones in this study are reactive types
including microcrystalline quartz and chert, amorphous silica such as opal, finely
dispersed silica within argillaceous and carbonate matrices such as cryptocrystalline
quartz.
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Figure 3.20: SEM micrograph from core sample containing dolomitic aggregate wherein
some of dolomite diamond-like crystals appeared to exhibit a rim (dedolomitization)
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Figure 3.21: SEM micrograph from core sample containing chert particle with crystalline
and amorphous ASR gel
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2. The most common reactive silica in the studied limestones is microcrystalline quartz
and chert, which can be detected by XRD as quartz and has good correlation with
chemical analysis results.
3. The chemical composition of dolomitic limestones from Tennessee, namely the silica
content (SiO2 ), showed a strong correlation with the expansion measured in the
concrete prism test, indicating that most of the silica within Tennessee limestones
are reactive.
4. The early and highly expansive aggregates are characterized by a high clay/ mica
content (> 5%) which appears as a small basal diffraction peak on XRD patterns
around 22θ of 8.5 degree. Those aggregates are part of large geological formations
known as St. Louis Limestone and Warsaw Limestone within Macrostrat plateform.
5. Concrete structures built with early and very early expansive dolomitic limestones may
show ASR distress within the first 5 or 10 years of construction.
6. At a relatively slower rate of ASR development, ASR mitigation is more effective
than that in concrete with higher rate of expansion. In this study, 25% fly ash class
F was required to mitigate the reactivity of late expansive and moderately expansive
aggregates. For early and very early expansive aggregates, 30% fly ash replacement was
adequate to maintain the expansion below 0.1% at 14 days for Tennessee limestones.
The finding is useful to guide mix proportion designs when local limestone aggregates
are used.
7. Certain arenaceous limestones from Tennessee can contain large amounts of insoluble
silica but the silica mainly occurs as well-crystallized clastic (or detrital) quartz grains
dispersed in carbonate matrix or groundmass. Such rocks do not cause substantial
AAR-related expansions in concrete.
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Chapter 4
Influence of Microstructural Features
of Granite Aggregates on ASR
4.1

Introduction

The presence of reactive forms of silica in an aggregate is the main driving force for alkalisilica reaction. Although silica, SiO2 , is a component of many rocks, however, not all
forms of silica react significantly with alkali in concrete, and therefore, not all aggregates
with high silica content are reactive (Thomas et al., 2013). Thus, the alkali aggregate
reactivity of an aggregate is attributed to the type and amount of reactive silica minerals
in aggregates (Anaç et al., 2012). The degree of solubility of different forms of silica plays
a major role in ASR progress. For example, both quartz and opal are silica minerals with
similar chemical composition (SiO2 ), however, well crystalline quartz is relatively stable
while opal is very reactive (Thomas et al., 2013). The amorphous silica (i.e opal) has a
high disordered structure which makes it unstable at high pH environment. The amorphous
structure provides preferable sites for the hydroxyl irons (OH − ) to become part of the
mineral structure and initiates the dissolution, converting the Si-O-Si structure into SiOH. Even crystalline structures (i.e quartz) can contain disordered regions at locations of
defects within the crystal lattices, leading to increased mineral solubility in these regions
(Thomas et al., 2013; Wigum, 1995). Thus, the poorly crystalline silica minerals such as
opal, cristobalite, volcanic and artificial glasses, contain a number of defects in their structure
and, therefore, considered rapidly reactive. On the other hand, different types of quartz such
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as microcrystalline quartz, or strained quartz are often defect free or possess few defects and
,thus, considered less reactive than amorphous silica.
The granitic aggregates are rich of silicate minerals and are mainly composed of quartz,
mica, and feldspar. The ASR reactivity of granitic aggregates are mainly attributed to the
presence of deformed quartz, the most abundant form of silica in aggregates (Tiecher et al.,
2017). The ASR reactivity of quartz are mainly attributed to the degree of microstructural
disorder produced by the process of rock deformation, also known as dynamic metamorphism
or tectonic deformation (Locati et al., 2010), as explained in the following section.

4.1.1

The Process of Rock Deformation

The rock deformation mechanism occurs due to changes in temperature and pressure as they
increase with Earth0 s crust depth (Trouw, 2005). This process occurs in some locations within
earth’s crust (e.g shear zones) that experiences high shear stresses and varying strain rates.
Rocks from these areas usually experience deformation ranges from brittle fracturing (e.g
cataclastic deformation) at areas of low pressure and temperature to ductile deformation
(e.g., formation of mylonite and gnesis) at areas of increasing pressure and temperature.
Figure 4.1 shows the types of deformation zones and the resulting microstructures on rocks
as depth increases. The formation of microstructures from different deformation mechanisms
depends on several factors such as the mineralogical composition of rocks, temperature
and pressure gradient, and the total strain rate (Locati et al., 2010; Trouw, 2005). The
deformation process can lead to bent and broken of mineral crystals, dislocated zones of
silica in deformed quartz, reduction in grain size (cataclasis and dynamic recrystallization)
and the development of foliation (schistosity) (Kerrick and Hooton, 1992). As a result,
several microstructural features can be observed when examining rocks under the optical
microscope which include: undulatory extinction for strained quartz, formation of microto crypto-crystalline quartz, deformation bands, fibrous extinction, amellae and subgrain
development, and foliations, as shown in Figures 1.2 and 1.3.
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Figure 4.1: Distribution of the main types of fault rocks with depth in the crust (Trouw,
2005)
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4.1.2

Influence of Microstructural Features of Quartz on ASR

Several studies have been conducted to address the contribution of rock deformation on
the alkali-silica reactivity of quartz-bearing aggregates (Wigum, 1995; Monteiro et al., 2001;
Wenk et al., 2008; Alaejos and Lanza, 2012; Ramos et al., 2016). The reactivity of quartz
in deformed rocks is mainly related to the dislocation development within crystal lattice
(Wigum, 1995; White, 1979). The deformation of crystal lattices results in dislocation of
optical directions within a crystal structure which causes an undulatory extinction in quartz
when viewed under crossed polarized microscope (Figure 1.2a). The deformation energy
generated by dislocations increases the free energy state of the quartz crystal and forms
unstable defects which initiates the quartz dissolution and ASR development (Alaejos and
Lanza, 2012; Wigum, 1995). Under further deformation, crystals tend to reach a stable state
by reducing the deformation energy through the process of recovery and recrystallization
(Broekmans, 2004). During the recovery process, the dislocations within a crystal tend
to migrate and form walls of organized dislocations within the crystal known as subgrain boundaries, which eventually reduces the dislocation density in other parts of crystal
(i.e returning crystals to undeformed state) and results in the formation of high energy
boundaries (Broekmans, 2004; Alaejos and Lanza, 2012), as shown in Figure 1.3. The
deformation energy is further reduced by the formation of new small size crystals of different
shapes and orientations (i.e microcrystalline quartz) during the recrystallization process.
One might think that the reduction of deformation energy and the formation of defect-free
small size quartz crystals could reduce the reactivity of aggregates. However, this might not
be true as more variables such as the smaller crystal sizes and the formation of permeable
grain boundaries might enhance quartz reactivity. Kerrick and Hooton (1992) and Shayan
(1993) concluded that the ASR reactivity of quartz-bearing occurs mainly at the grain
boundaries of microcrystalline quartz as it contains a pore space for alkaline concrete fluid
to penetrate and react with the finely divided quartz (large surface area). Other researchers
also concluded that at high degree of deformation the rock experiences a higher reactivity in
concrete, which may be attributed to the formation of crystal discontinuity in quartz (subgrain development), reduction of quartz grain size (recrystallization), and the formation of
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metamorphic foliation (Wigum, 1995; Monteiro et al., 2001; Wenk et al., 2008; Alaejos and
Lanza, 2012; Ramos et al., 2016).

4.2

Objectives and Research Significance

Several studies have been conducted to address which of the microstructural features have
the major contribution to the reactivity of quartz-bearing rocks and to subsequently use
this finding to provide an accurate and reliable evaluation of aggregate reactivity. Some
of established correlations between microstructure features of reactive components and
aggregate reactivity are summarized in Table 1.1. It can be summarized that the most
significant features that contribute to reactivity of quartz-bearing rocks appear to be the
grain boundary area and the crystals size of quartz. Although these features can provide
valuable information about aggregate reactivity, the conventional techniques for measuring
and quantifying these features such as point-counting under polarized microscope have been
criticized as time consuming, very tedious, and most importantly it requires an experienced
petrographer to carry out the process (Wigum, 1995; Castro and Wigum, 2012b). Image
analysis techniques can provide a quick, reliable, and automated procedures for evaluating
aggregate microstructural features, and thus provide an alternative to the conventional
petrographic techniques (Castro and Wigum, 2012b). In addition, the correlations between
microstructural features and aggregate reactivity were mostly established based on the results
from mortar-bar expansion test (ASTM C1260) which is considered as not reliable for many
types of aggregates. Therefore, correlations based on a reliable test such concrete prism test
(ASTM C1293) might contribute to the development of alternative methods and procedures
for engineering practice. The main objectives of this study are:
1. Apply image processing techniques to characterize the microstructural features of
granite aggregates
2. Establish a correlation between microstrctural features of aggregates (e.g. mineralogical composition, grain size and shape as well as grain and sub-grain boundaries) and
their expansion on concrete prism test for quick assessment of aggregate reactivity.

110

4.3

Research Approach and Methodology

The focus of this study is to investigate the ASR reactivity of 14 granite aggregate sources
used within the state of Tennessee and determine the characteristics of reactive granite
aggregates (e.g. mineralogical composition, grain size and shape as well as grain and subgrain boundaries). The aggregate reactivity is determined using both the accelerated mortar
bar test (ASTM C1260) and the concrete prism test (ASTM C1293). For the purpose of this
study, a total of 5 granite aggregate samples were selected for further examinations.They were
selected to represent different expansion potential according to the results from the standard
concrete prisms test (ASTM C1293): Granite#31 is non-reactive, Granite#14 is slowly
reactive, Granite#39 and #35 are moderately reactive, and Granite#36 is highly reactive.
The leftover aggreagtes from casting prisms for ASTM C1293 was used to prepare powder
samples and thin sections to determine chemical and mineralogical compositions and the
microstructural features of aggregates. The examinations conducted on aggregates include
petrographic examinations including optical microscopy and scanning electron microscopy
coupled with energy-dispersive detector (SEM - EDS), X-ray powder diffraction, chemical
analysis using Inductively Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES), and
electron microprobe examinations as summarized in Figure 4.2 below.

4.4
4.4.1

Materials and Methods
Materials

The aggregate samples were collected from different geographical locations near the state of
Tennessee, as shown in Figure 4.3, to study the influence of microstructural features of granite
aggregates on their ASR reaction. Granite aggregates with various expansion potential and
different features were selected. The expansion potential of the five selected aggregates is
shown in Figure 4.4 as determined from the concrete prism test (ASTM C1293). Granite#39
showed abnormality in the measured expansion near 300-day due to loss of moisture from a
leaking container.
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Figure 4.2: Testing protocol for aggregates
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Figure 4.3: Aggregate sources locations
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Figure 4.4: Aggregate expansion on concrete prism test (ASTM C1293)

113

The container was replaced and the sample expansion is recovered. The expansion
results from both the ASTM C1260 (14 days expansion values) and ASTM C1293 (one
year expansion values) are shown in Table 4.1. Test procedures are described in Section
4.4.2.
The samples composed mainly of quartz, feldspar (plagioclase and K-feldspar), mica
(biotite, muscovite, and chlorite), and amphibole minerals observed in one of the samples
(Granite#14). The samples exhibited wide range of microstructural features with different
degrees of deformation.

Detailed petrographic analysis was conducted on thin-sections

of aggregate samples under cross-polarized transmitted light microscopy to observe the
microstructural features of the samples as described in the following section. Figures 4.5,
4.6, and 4.7 show micrographic images of Granite#31 , Granite#14 , Granite#39 and #35
, and Granite#36 . The physical properties of aggregates are shown in Table 4.2. The bulk
chemical composition of the aggregates is determined using ICP-AES analysis of powder
samples of aggregates as described in Section 4.4.2 and summarized in Table 4.3.

4.4.2

Methods

4.4.2.1 Aggregate Reactivity
The reactivity of the aggreagtes was evaluated using the concrete prism test (ASTM C1293)
and the mortar bar test (ASTM C1260). In this study, the reactivity of the five granite
aggregates (coarse aggregate) was determined in concrete mixtures containing a nonreactive
natural sand collected from Region 1, TN. Three concrete prisms with the dimensions of 3 in.
x 3 in. x 11 in. (76 mm. x 76 mm. x285 mm.) were prepared with a cement content of 708
lb yd−3 (420 kg m−3 ) and a watercement ratio of 0.45 for each aggregate sample. The cement
is a high-alkali Type II Portland cement with an equivalent alkali content of 1.04% Na2 Oeq .
The alkali content of concrete was increased to 1.25% Na2 Oeq of mass of cement by adding
NaOH to mixing water, which corresponds to an alkali level of 8.85 lb yd−3 (5.25 kg m−3 )
in concrete. The coarse aggregate was prepared for testing in according with the grading
requirement specified in ASTM C1293. Samples were cast, then cured at 73◦ F (23◦ C) in
high humidity for 24 hours.
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Table 4.1: Granite aggregate reactivity

Aggregate

Type

Granite#31
Granite#14
Granite#35
Granite#39
Granite#36

Coarse
Coarse
Coarse
Coarse
Coarse

ASTM C1260
Expansion
(14 days) %
0.059
0.133
0.117
0.357
0.184

ASTM C1293
Expansion
(1 year) %
0.020
0.067
0.117
0.122
0.158
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Reactivity
Non-Reactive
Slowly-Reactive
Moderately-Highly Reactive
Moderately-Highly Reactive
Highly Reactive

Figure 4.5: Micrographs of thin sections under cross-polarized optical microscope of
Granite#31 (a,b), and Granite#14 (c,d):Q = Quartz, B = Biotite, MS = Muscovite, PL =
Plagioclase, KF = K-Feldspar, G = Garnet, AMP = Amphibole
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Figure 4.6: Micrographs of thin sections under cross-polarized optical microscope of
Granite#35 (a,b), and Granite#39 (c,d):Q = Quartz, B = Biotite, MS = Muscovite, PL =
Plagioclase, KF = K-Feldspar, G = Garnet, AMP = Amphibole
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Figure 4.7: Micrographs of thin sections under cross-polarized optical microscope of
Granite#36 (a,b) :Q = Quartz, B = Biotite, MS = Muscovite, PL = Plagioclase, KF =
K-Feldspar, G = Garnet, AMP = Amphibole

Table 4.2: Aggregate physical properties and location
No

Sample ID

Location
County/State

Bulk specific
gravity

Absorption
%

Los Angeles
abrasion

Weight loss due
to sulfate attack%

1

Granite #31

Paulding/GA

2.60

0.44

33

1

2

Granite #14

Jackson/NC

2.91

0.60

25

0

3

Granite #35

Buncombe/NC

2.72

0.50

23

0

4

Granite #39

Buncombe/NC

2.77

0.60

25

3

5

Granite #36

Cherokee/NC

2.75

0.60

25

0

Table 4.3: Chemical composition of aggregates % (ICP-AES)
Sample ID
Granite
Granite
Granite
Granite
Granite

#31
#14
#35
#39
#36

SiO2

Al2 O3

Fe2 O3

CaO

MgO

Na2 O

K2 O

Cr2 O3

Ti2 O

MnO

P2 O5

SrO

BaO

lOI

Total

73.10
54.20
67.80
66.20
64.10

14.60
16.05
14.40
14.55
16.80

0.84
9.17
5.09
6.58
5.10

1.24
8.30
2.59
2.55
2.92

0.11
4.78
1.48
2.00
1.47

4.03
3.49
2.73
2.38
3.41

5.82
0.86
2.58
2.68
2.62

<0.002
0.021
0.006
0.009
0.006

0.23
1.41
1.02
0.99
1.02

0.07
0.16
0.09
0.11
0.07

0.08
0.28
0.27
0.4
0.46

<0.01
0.03
0.03
0.03
0.04

0.02
0.05
0.07
0.07
0.07

0.90
1.19
1.26
1.24
1.39

101.04
99.99
99.42
99.79
99.48
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Then an initial expansion was measured and recorded. Prisms were placed in sealed
containers filled with water to a depth of 1 in. (25 mm.) above the bottom. The inside wall
of the containers was lined with an absorbent fabric from the top so that the bottom of the
fabric extends into the water, as recommended by ASTM C 1293. The prisms were placed in
a perforated rack in the bottom of the storage container at 1.5 in. (38 mm.) above the water.
The containers with prisms were placed in a curing room at 100◦ F (38◦ C). The expansion of
concrete prisms was measured, in term of the length change, periodically during a one-year
period. The aggregate reactivity is classified based on concrete prism test (ASTM C1293)
into three categories: non-reactive (NR): expansion at one year < 0.04%, moderately or
slowly reactive (SR): 0.04 ≤ exp.% per year < 0.12, highly reactive (HR): 0.12 ≤ exp.% per
year < 0.24, and very highly reactive (VHR): exp.% per year ≥ 0.24. Results of aggregates
expansion are shown in Figure 4.4 and Table 4.1.
Aggregate reactivity was also evaluated using the ASTM C1260. Mortar bar specimens
with the dimensions of 1 in. x 1 in. x 11 in. (25 mm x 25 mm x 285 mm) were cast
after processing aggregate into a standard gradation. The specimens were prepared with an
aggregate/cement ratio of 2.25 and a watercement ratio of 0.45. After casting, mortar bars
were placed in a moist room for 24 hours, removed from molds and placed in water at 176◦ F
(80◦ C) for 24 hours. The initial length of at least three bars of each sample was measured
and recorded. Then, the mortar bars were submerged in 1N NaOH solution at 176◦ F (80◦ C)
for 14 days. The expansion of mortar bars was measured, in term of the length change,
periodically for 14 days. The aggregate reactivity is classified according to Table 3.4. As
this test is reported to be very severe and not reliable for many aggregates, the results from
ASTM C1293 should be used to classify aggregate reactivity ASTM C1293 (Fournier et al.,
2010).
4.4.2.2 Chemical Composition of Aggregates
The chemical composition of aggregate samples were determined using ICP-AES analysis of
powder samples of aggregates. In preparation for testing, a representative sample (about 200
grams) was collected from the left-over aggregate (mainly size of 3/8 in., or 10 mm.) after
casting the concrete prisms for ASTM C1293. The sample was ground in a mini-jaw crusher
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with ceramic plates and passed through a 45 µm (No. 325) sieve. A portion of the powder
from each aggregate sample (about 100 grams) was shipped to ALS USA, Inc in Reno, NV to
perform a whole rock chemical analysis for the aggregate samples. A prepared sample (0.200
g) is added to lithium metaborate/lithium tetraborate flux (0.90 g), mixed well and fused in
a furnace at 1000◦ C. The resulting melt is then cooled and dissolved in 100 mL of 4% nitric
acid/2% hydrochloric acid. This solution is then analyzed by ICP-AES and the results are
corrected for spectral inter-element interferences. Oxide concentration is calculated from the
determined elemental concentration. For the loss on ignition (L.O.I), a prepared sample (1.0
g) is placed in an oven at 1000◦ C for one hour, cooled and then weighed. The percent L.O.I is
calculated from the difference in weight. The total oxide content is determined from the ICP
analyte concentrations and L.O.I values. Results of chemical compositions are summarized
in Table 4.3.
4.4.2.3 Petrographic Analyses
The main objective of the petrographic examinations is to study the textural, mineralogical
and microstructural characteristics of aggregates. This includes documentation of deformation evidence on aggregates and analysis of grain size of minerals using image processing
techniques. Petrographic analyses were conducted on thin sections (30 µm) under optical
transmitted light microscope. A representative sample was collected from the left-over
aggregate (mainly aggregate sizes 0.5 in., and 3/8 in) after casting the concrete prisms for
ASTM C1293. The aggregate samples were sent to the National Petrographic Service, Inc. to
prepare 2 x 3 in. (50 x 75 mm.) standard polished thin section for each aggregate (about 25
30 m thickness). This size of thin-sections is consider relatively large for typical petrographic
examinations, a 1 x 2 in. thin-section is typically used. However, large thin-sections were
used in this study to address the material variability within each sample. Images of aggregate
samples and thin sections for all the five samples are shown in Appendix A. Figures A-3,
A-5, A-7, A-9, and A-11 show the aggregate samples for Granite#31 , #14 , #35 , #39 ,
and #36 , respectively. Figures A-4, A-6, A-8, A-10, and A-12 show the thin-sections for
Granite#31 , #14 , #35 , #39 , and #36 , respectively.
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4.4.2.4 Modal Analyses for Major Phases within Aggregates
The mineralogical compositions of the major phases within the five aggregate samples were
estimated using two methods: (a) Image analysis of electron microprobe elemental maps
using ImageJ software, and (b) analysis of XRD patterns using Rietveld Refinement with
HighScore Plus software.
The bulk mineralogical composition of aggregate samples was determined using Xray diffraction analysis of powder samples of aggregates. In preparation for testing, two
representative samples (about 100-200 grams per sample) were collected from the left-over
aggregate (mainly size of 3/8 in., or 10 mm.) after casting the concrete prisms for ASTM
C1293. The samples were ground in a mini-jaw crusher with ceramic plates and passed
through a 45 µm (No. 325) sieve. The X-ray diffraction analysis was performed at the Joint
Institute for Advanced Materials (JIAM) Diffraction Facility, located at the University of
Tennessee, Knoxville. The mineral constituents of each aggregate sample were determined
using a Panalytical, Inc. X-Pert Pro Multipurpose Powder Diffractometer system that linked
with the ICDD (International Center for Diffraction Data) database for phase identification.
The conditions for collecting the XRD data include Co-Kalpha radiation, scanning from
5◦ to 85◦ 2θ with a step size less than 0.013◦ , and analysis of the patterns using Rietveld
Refinement with HighScore Plus software.
Electron microprobe, also known as Electron Probe Micro Analyzer (EPMA), is a
powerful technique for minerals identification and determination of chemical composition of
mineral phases within rocks. The EPMA examinations were conducted using Cameca SX100
electron microprobe (EMP) in the Department of Earth and Planetary Sciences, University
of Tennessee at Knoxville. The equipment has 4 wavelength dispersive spectrometers (WDS),
a PGT Sahara energy dispersive spectrometer (EDS), plus cathodoluminescence (CL) and
high-speed backscattered electron (BSE) detectors.
In preparation of testing, well polished thin-sections were prepared (see Appendix A) and
carbon coated to prevent electron charging on the samples. The EPMA examinations were
conducted in a specific area within thin sections (25 x 20 mm. Approx) to acquire x-ray
intensity images of the distribution of selected elements in the materials (e.g. thin sections
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of aggregates). The areas of EPMA examination are shown within the red box in Figures
A-4, A-6, A-8, A-10, and A-12. The x-ray intensity maps were acquired at 1080 x 794 pixels
resolution, 25 µm pixel size, and at a voltage of 15 kV. The areas for examination were
selected to provide a representative sample for the whole thin-section.
The elemental maps can be used for identification of selected minerals within thin
sections if supplemental information about aggregates composition is known.

Optical

petrographic examinations of aggregate samples coupled with EDS characterization in thin
sections indicted that the studied samples are mostly composed of quartz, mica, and
feldspar. Granite#14 contained high amount of amphibole minerals, a detailed petrographic
examination is included in the following sections. In this study, elemental composition maps
were collected for the main elements : silicon (Si), potassium (K),and iron (Fe). These three
elements are considered adequate to distinguish between quartz, plagioclase, K-feldspar, mica
(biotite and muscovite), and iron rich minerals (e.g Garnet and magnetite) as discussed in
the results section. Point examinations using EDS detector and optical properties of minerals
under microscope were performed to confirm that the minerals were correctly identified using
these three elemental maps (Si+K+Fe). The total acquisition time was 8 h for collecting
the three elemental maps (Si, Fe, K) for each sample.
4.4.2.5 Surface Corrosion of Aggregates
Corrosion observation were conducted on selected areas within the thin-section of aggregates
in order to determine their susceptibility to alkali dissolution . Drops of 1 N NaOH solution
were added to the surface of aggregates on thin-sections. The thin-sections were then placed
in a sealed container and condition in an oven at 100◦ F (38◦ C) for 3 days. During every 24
hours, they were removed from the oven, washed and viewed under microscope.
4.4.2.6 Images Processing and Analysis
Image analysis techniques including images enhancement, segmentation, and quantitative
analysis and measurements of grain sizes have been applied to analyze the data from this
study. A non-commercial image analysis software ImageJ (http://rsb.info.nih.gov/
nih-image) that is designed to run in Windows operation system has been used. This
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software (ImageJ) is widely used in the field of earth sciences to study microstructures and
textures of earth materials (Heilbronner and Barrett, 2013).

4.5
4.5.1

Results and Analysis
Petrographic Analysis of Aggregate Samples

Standard 2 x 3 in. (50 x 75 mm.) polished thin-sections with 25 − 30 µm thickness were
prepared for each aggregate as shown in Appendix A - Figures A-3, A-5, A-7, A-9, and A-11
for Granite#31 , #14 , #35 , #39 , and #36 , respectively. The aggregates were examined
under optical microscope to determine the main characteristics of the rock. Micrographs of
thin sections under cross-polarized microscopy for all the aggregates are shown in Appendix
A - Figures A-13, A-14, A-15, A-16, and A-17. A general petrographic description of main
features within each sample is summarized below. These description have been confirmed
with an experienced petrographer in the field of ASR.
Granite#31:
Granite#31 (Appendix A - Figures A-3, A-4, and A-13) appeared to be a light-gray fineto medium-grained monzo-granite or a meta-sandstone. The rock is composed of mainly
quartz and feldspars (both potassium-feldspar and plagioclase feldspar) with small amounts
of biotite and iron oxides opaque minerals. Most of quartz grains show no signs of significant
deformation with regular grain boundaries between minerals, also known as polygonal grain
boundaries. Suturing of quartz grain boundaries (i.e. boundaries between the same grains
of a mineral showing interference) and undulatory extinction appeared in some grains. It
is anticipated to be ASR reactive but its reactivity is probably slow or weak. The main
features of quartz in Granite#31 particles are summarized in Table 4.4.
Granite#14:
The aggregate appears to be a fine to coarse, non-equal-granular felsic to intermediate
plutonic igneous rock (likely tonalite). A few particles are a low-grade schist (likely quartzplagioclase-biotite schist) that do not appear to be the same lithology.
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Table 4.4: Main microstructural features of Granite#31
Particles

P10

P16

Description

Fine- to medium-grain of quartz with no
significant signs of deformation. Quartz grains
boundaries can be described as polygonal
boundaries.

Medium- to large-grain of quartz with minor
signs of deformation. Some quartz grains
show undulatory extinction, which indicates
deformation in crystal lattice. Large quartz
show cracks as well. Suturing of quartz
grain boundaries are observed which is a
sign of deformation in the rock (Kruhl and
Nega, 1996). Cracks within quartz might
indicate low grade deformation(e.g. brittle
deformation).
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The quartz-feldspar particles show evidence of deformation as indicated by the layers of
fine-grained plagioclase (possible recrystallized grains) between large mineral grains(AppendixA - Figure A-14), also known as bimodal grain size distribution, which simultaneously
consists of coarse and fine grains mixture.

The rock is mainly composed of, in the

approximate order of decreasing content, plagioclase feldspar, quartz, amphibole, biotite, and
trace amounts of other minerals such as pyroxene, amphibole, and iron oxides black/opaque
minerals. Quartz frequently exhibits sutured grain boundaries and some quartz grains appear
to exhibit undulatory or non-uniform extinction. Undulatory extinction is consistent physical
strain of the quartz grains and may suggest potential alkali-silica reactivity. The main
features of quartz in Granite#14 particles are summarized in Table 4.5.
Granite#39:
It appears to be a garnet-mica-plagioclase-quartz schist. It is anticipated to be significantly
alkali-silica reactive due to presence of visually abundant optically strained quartz particles.
The average quartz grain size is lower than that in Granite#14 and Granite#31. The
aggregate shows high degree of deformation as indicated by the quartz-plagioclase-mica
foliation, stretched grains, significant subgrain boundaries, and reduction of grain size. The
main features of quartz in Granite#39 particles are summarized in Table 4.6.
Granite#35:
It is a mixture of fine- to medium-grained granitic igneous rock (probably tonalite) and
garnet-quartz-sillimanite-mica schist. Particles are mainly composed of quartz, feldspar,
biotite, muscovite, and probably sillimanite (fibrolite, Al2 SiO5 ). The aggregate contains
many quartz particles that exhibit undulatory extinction and subgrain boundaries, and is
anticipated to be potentially alkali reactive. The main features of quartz in Granite#35
particles are summarized in Table 4.7.
Granite#36:
The aggregate is a fine-grained schist/phyllite that derived from metamorphism of siltstone.
It is composed of quartz, biotite, muscovite, feldspar, and probably organic material.
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Table 4.5: Main microstructural features of Granite#14
Particles

Description

P19

Mostly coarse grain, non-equal-granular rock;
Mostly coarse amphibole grains mixed with
some quartz, feldspar, and mica; No significant
signs of deformation; Not expected to be
ASR reactive due to the small amount of
undeformed quartz.

P25

Mostly coarse quartz and feldspar grains
mixed with some amphiboble grains; Large
quartz grains showing severe cracks and
suturing of quartz grain boundaries observed,
which is a sign of deformation in the rock

P13

Low-grade schist (quartz-plagioclase-biotite
schist) with fine recrystallized grains of quartz
and plagioclase; Quartz exhibiting sutured
grain boundaries and some quartz grains
exhibiting undulatory or non-uniform extinction; Recrystalization (reduction of grain size)
and undulatory extinction consistent physical
strain of the quartz grains which may suggest
potential alkali-silica reactivity.

P21

Mix of quartz and plagioclase with frequent
undulatory or non-uniform extinction; Quartz
exhibiting sutured grain boundaries, stretched
of grains with formation of subgrains and
recrystallized grains, which suggests potential
alkali-silica reactivity .
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Table 4.6: Main microstructural features of Granite#39
Particles

P9-P8

P24

Description
High deformed quartz-mica-plagioclase-quartz
particles; Most of the grains show significant
subgrain development and recrystalization of
new grains; Grains have preferred orientation
that defines a continuous foliation, which is
a sign of high degree of deformation (Trouw,
2005); It is expected to be potentially ASR
reactive.

Layers of fine quartz, plagioclase, and mica
with large particles of garnet, which defines
a mylonitic foliation, a common feature of
strong ductile deformation in high strain zones
(Trouw, 2005); It is expected to be potentially
ASR reactive.

Table 4.7: Main microstructural features of Granite#35
Particles

Description

P22

High deformed quartz-mica-plagioclase-quartz
particles; Most of the grains show significant
subgrain development and recrystalization of
new grains; It is expected to be potentially
ASR reactive.

P21

Garnet-quartz-sillimanite-mica schist; The
particle shows preferred orientation of mica
and strain quartz grains; It is expected to be
ASR reactive.
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Many particles exhibit distinct schistose. It contains many quartz particles that exhibit
undulatory extinction. The aggregate is expected to be one of the most reactive aggregates
among the five samples examined due to its small grain size and physical strain/deformation.
The main features of quartz in Granite#36 particles are summarized in Table 4.8.

4.5.2

Mineralogical Composition of Aggregates

The mineralogical compositions for the major mineral phases within the five aggregate
samples were determined using two methods: (1) Image analysis of electron microprobe
elemental maps using ImageJ software, and (2) Analysis of XRD patterns using Rietveld
Refinement with HighScore Plus software. In this section, the mineralogical compositions of
the samples are discussed under the following subsections:
(a) Minerals quantification using image analysis of electron microprobe (EPMA) elemental
maps
(b) Minerals quantification using X-Ray Diffraction (XRD)
(C) Comparison between elemental map processing and XRD quantification for mineral
phases
(d) Material variation within each sample
(a) Image analysis of electron microprobe (EPMA) elemental maps
EPMA examinations were conducted to collect x-ray intensity maps for the Si, K, and
Fe elements, as well as the Backscatter Electron (BSE) image, within a selected area in
each thin-section. The raw data images collected from EPMA examinations are included in
Appendix A in Figures A-18, A-19, A-20, A-21, and A-22 for Granite#31 , #14 , #35 , #39
, and #36 , respectively. The brighter colors in elemental maps indicate higher intensities
and darker gray indicate lower intensities (white = max, black = min). The images have
been calibrated during acquisition to produce quantitative elemental distribution maps for
Si, K, and Fe. The BSE images show several mineral phases present in each sample based
on their atomic mass (heavy elements = brighter, light elements = darker).
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Table 4.8: Main microstructural features of Granite#36
Particles

Description

P21

High deformed quartz-plagioclase particles;
Grains have preferred orientation that defines
a continuous foliation, which is a sign of high
degree of deformation (Trouw, 2005); It is
expected to be potentially ASR reactive.

P20

P13

P6

Particle shows fine grained quartz-plagiocalsemica schist with spaced foliation defined by
mica-rich layers and quartz-mica-plagiocalse
layers (Trouw, 2005); The particle shows
preferred orientation of quartz-plagiocalsemica and strain quartz grains; It is expected
to be potentially ASR reactive.

Particle shows fine grained quartz-plagiocalsemica schist with continuous foliation (Trouw,
2005); The particle shows preferred orientation of mica and strain quartz grains; It is
expected to be potentially ASR reactive.

Particle shows fine grained quartz-plagiocalsemica schist with microfolds foliation (Trouw,
2005); It is expected to be potentially ASR
reactive.
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Petrographic examinations of the five samples revealed that they are mainly composed
of quartz, feldspar (alkali feldspar (K-feldspar) and plagioclase), mica (such as biotite and
muscovite), amphibole and sillimanite in one of the samples, and traces of garnet, chlorite,
calcite, pyrite and other minerals present in insignificant quantities. Table 4.9 below shows
the main characteristics of minerals observed within the studied samples. The major mineral
phases within the studied samples can be reasonably distinguished using the BSE image
and elemental maps. For example, in Granite#31, and based on the observation from
petrographic examinations, the sample mainly composes of quartz, k-feldspar, plagioclase
(likely albite) as major minerals, and minor amount of biotite and likely muscovite or illite,
and very few garnet. Based on this information, the spacial distribution of these minerals can
be reasonably determined using the elemental maps and the BSE images shown in Appendix
A - Figure A-18. The minerals that can be identified in Granite#31 and in the order of
decreasing atomic mass include:
1. The brighter minerals in the BSE image (Figure A-18d) are usually minerals that
contain heavy elements such as iron (Fe) or calcium (Ca). These minerals are likely
Garnet and iron rich minerals.
2. High amount of alkali feldspar (K-feldspar) and small amount of mica appear as
light gray on BSE image. Biotite is usually brighter than muscovite due to the high
concentration of Fe in biotite. The alkali feldspar (K-feldspar) has very high intensities
in K map (light gray) and high intensity in Si map (gray), and no intensity in Fe map.
Small amount of mica appears light gray on BSE image with lower intensities in K
map (dark gray) and Si map than that of K - feldspar , and high intensity in Fe map
(dark gray). The iron map can be used to distinguish between the two main forms
of mica in these aggregates (biotite and muscovite), they both contain potassium (K),
however, muscovite usually has no iron (Fe). Illite usually has lower Fe than biotite.
3. High amount of quartz and plagioclase appear as dark-gray in BSE image as they
have very similar electron backscattering cross sections (very similar atomic mass).
However, the quartz is distinguished by the highest intensity in Si map (very light gray
or white) and no intensity in Fe and K map.
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Table 4.9: Main minerals found within aggreagtes
Mineral

Formula and Composition (?)

Main optical properties

Quartz

SiO2
SiO2 =100%

Seldom to no cleavage
low relief; low birefringence color (dark-grayish)

Alkali Feldspar

Plagioclase Feldspar

(K,Na)AlSi3 O8
Orthoclase/Microline - KAlSi3 O8
SiO2 =65%, Al2 O3 =18%, K2 O=17%
Albite - NaAlSi3 O8
SiO2 =67%, Al2 O3 =20%, Na2 O=11%, low to no CaO
NaAlSi3 O8 to CaAl2 Si2 O8
Albite - NaAlSi3 O8
SiO2 =67%, Al2 O3 =20%, Na2 O=11%, low to no CaO
Anorthite - CaAl2 Si2 O8
SiO2 =44%, Al2 O3 =36%, CaO=20%, low to noNa2 O

No pleochroism (colorless in plane polarizer)
Microcline has cross-hatched twin pattern
with albite (bottom);low birefringence color
(dark-grayish)

No pleochroism (colorless in plane polarizer)
albite twining and parallel striae
on cleavage surfaces; low birefringence color

Mica/ clay

Biotite (K(Mg,Fe)3 (AlSi3 O10 )(F,OH)2
Has substantial variability specially in Mg and Fe composition
K2 O=11%, MgO=23%, Al2 O3 =12%, FeO=8%, SiO2 =42%, H2 O
Muscovite (KAl2 (AlSi3 O10 )(F,OH)2 ))
K2 O=12%, Al2 O3 =38%, SiO2 =45%, H2 O=4.07%
Illite (very similar to muscovite but with some Fe and Mg)
(K,H3 O)(Al,Mg,Fe)2 (Si,Al)4 O10 [(OH)2 ,(H2 O) (KAl2 (AlSi3 O10 )(F,OH)2 ))
K2 O=7%, MgO=3.11%, FeO=1.85%, Al2 O3 =17%,
SiO2 =54%, H2 O=12%

Biotite: Perfect cleavage;
brown-brownish color in plane polarizer;
”birds-eye” extinction; and high birefringence
Muscovite is colorless in plane polarizer
and has higher birefringence than biotite

Amphibole

Hornblende Ca2 (Mg,Fe,Al)5 (Al,Si)8 O22 (OH) 2
Has substantial variability specially in Mg and Fe composition
Magnesiohornblende: MgO=20%, Al2 O3 =11%, FeO=3%,
SiO2 =51%, CaO=14%, H2 O=2%
Ferrohornblende: Al2 O3 =11%, FeO=30.34%/ Fe2 O3 =2.11%,
SiO2 =44%, CaO=12%, H2 O=2%

Perfect cleavages - intersect at 56 and 124 degrees;
yellow-green color in plane polarizer;
and has higher birefringence

Sillimanite

Al2 SiO5
Al2 O3 =63%, SiO2 =37%

Masses of fine fibrous crystals
elongated and needle-like

Other minerals

Garnet: Vary in composition with Mg, Mn, Ca, Fe, AL,
Gr, and Si as elemental markers (SiO2 =35%)
pyrite: FeS2 ; Fe=46%; S=53.45%
Chlorite: Vary in composition with Mg, Fe, Al
and Si as elemental markers (SiO2 =30%)

Garnet: Isometric (no extinction) , Rounded,
granular grains (see figure)
pyrite:Opaque and black in thin section,
yellowish in reflected light;
Chlorite: colorless-pale green in plane polarizer;
and weak birefringence
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Figure

The plagioclase has lower intensities in Si map in comparison to quartz, and has no
intensity in Fe and K maps. Two types of feldspar (k-feldspar and plagioclase) are mainly
distinguished by the potassium (K) map as plagioclase does not contain potassium.
Image analysis is conducted in the following section to estimate the composition and
the spacial distribution of the major minerals within aggregate samples. Of course more
elemental maps are required to cover all minerals within aggregates and to provide total
composition. However, for the purpose of this study, the main focus is to determine the
special distribution of the major minerals in granite aggregates related to ASR including
quartz, feldspar, and mica. This information is used to assess the microstructural features of
quartz, feldspar and mica of the studied aggregates. The ImageJ software was used for images
analysis. The software interprets images as numerical matrix with each cell representing a
pixel with values ranging between 0 to 255 (for 8-bit image, grayscale image), with a value
of 0 (zero) as black and 255 as white.
Preprocessing of Elemental Maps Images:
For the purpose of performing image analysis on the x-ray intensity maps, the raw data
was converted to 8-bit gray scale images (256 different gray values between 0 to 255, or from
1 to 256). Thus, high elemental concentrations appear as white or bright spots, resulting in
composites such as shown in Appendix A in Figures A-18, A-19, A-20, A-21, and A-22 for
Granite#31 , #14 , #35 , #39 , and #36 , respectively. The histograms of gray values are
determined for the three elemental maps for all the five aggregate samples as shown in Figure
4.8 . The histograms view the elemental map images as frequency of pixels (Y-axis) versus
gray level values (X-axis). The gray values of the element maps, shown in Figures 4.8a, 4.8b,
and 4.8c, represent the amount of silica, potassium, and iron in the samples, respectively.
The silica histogram (Figure 4.8a) shows several peaks related to different minerals within
the studied aggregates. The highest concentrations of Si occur in quartz grains (SiO2 ) which
therefore appear very light with a distinct peak centered on 233 gray level. This is followed by
two peaks centered around 158 and 140 gray levels related to alkali feldspar and plagioclase,
respectively. This is consistent with the typical chemical composition of these minerals,
namely SiO2 content, shown in Table 4.9.
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Figure 4.8: Histograms of elemental phase maps:(a)Si map, (b) K map, and (c) Fe map. Q
= Quartz, B = Biotite, MS = Muscovite, PL = Plagioclase, KF = K-Feldspar, G = Garnet,
AMP = Amphibole
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The mica and amphibole have similar typical SiO2 content (45% in muscovite and 44%
in Ferrohornblend), consistent with the locations of peaks on the histogram (Figure 4.8a).
The peak on the left of amphibole is likely the biotite mica, which has lower SiO2 content
(42%)(darker pixels)than muscovite and amphibole.
The alkali feldspar is distinguished by the highest concentrations of K element which
occurs around 200 gray level in Figure 4.8b, the plagioclase should have no peak in K image
according to its chemical formula. The mica (mostly biotite and muscovite) appears as
two peaks in the silica histogram, one centered around 85 gray level and the other between
106-110 gray levels, indicating at least two distinct phases of mica.
The potassium histogram (Figure 4.8b) shows the mica peaks between 110-130 gray
levels, reflecting variation of mica minerals among the five samples. The biotite minerals
can be distinguished from the muscovite using the iron histogram (Figure 4.8c). The former
(biotite mica) usually contains high amount of iron as indicated by the peaks between 50-67
gray levels in Figure 4.8c. The amphibole mineral which is mostly present in Granite#14,
shows a distinct peak in all the elemental maps, reflecting its chemical composition.
Color Composites of Elemental Maps Images:
The raw elemental maps images for Si, K, and Fe have been combined using the EPMA
software to create color composites to highlight different mineral phases according to their
composition. The color schemes can be user-defined. In this study, the silicon (Si) map is
assigned green color (G), the potassium (K) map is assigned red color (R), and the iron
(Fe) map is assigned blue color (B). The resulting composites(R+G+B - major mineral
maps) are shown in Figures 4.9a, 4.9b, 4.9c, 4.9d, and 4.9e for Granite#31 , Granite#14,
Granite#35, Granite#39, Granite#36, respectively. The composites maps show the quartz
as bright-green, plagioclase as dark-green, K-feldspar as light-orange which appears mainly
in Granite#31 (Figure 4.9a) and in Granite#35 (Figure 4.9c), mica-biotite as purple, micamuscovite as dark brown (most likely Illite in Granite#31), and garnet and other iron rich
minerals as blue.
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Figure 4.9: General phase maps for aggreagte samples: a) Granite#31 , b) Granite#14,
c) Granite#35, d) Granite#39, e) Granite#36. Each color represents a diffrent phase:Q =
Quartz (light green), B = Mica-Biotite (purple), MS = Mica-Muscovite (brown-dark brown,
Illite in Granite#31), PL = Plagioclase (green), KF = K-Feldspar (light-orange), G = Garnet
and other iron rich minerals (blue) , AMP = Amphibole (pale blue-in Granite#14 only), Sil
= Sillimanite (dark green-in Granite#35 only)
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The abundant mineral that appears as pale-blue in Granite#14 (Figure 4.9b) is
determined to be amphibole mineral as confirmed by point EDS analysis and the optical
properties of amphiboles under microscope. The most likely sillimanite mineral appears as
dark green in Granite#35 only (Figure 4.9c).
It is important to mention that, these mineral maps are only limited to show the spacial
distribution of the major minerals (quartz, feldspar, and mica) which are the focus of this
study. Areas appear as dark within the aggregate particles could be voids or other minerals
that do not contain significant amounts of Si, Fe, or K elements. The dark areas around
aggregate particles represent the epoxy that was used to prepare the thin sections. Point
examinations using EDS detector and optical properties of minerals under microscope were
performed to confirm that the minerals, namely quartz, feldspar, and mica, were correctly
identified using the three elemental maps (Si+K+Fe).
Processing of Elemental Maps for Minerals Quantification (Segmentation by
Gray Level Slicing):
Since the major minerals within aggregates can be easily distinguished in the color
composites maps (Figure 4.9) or in the gray values histograms (Figure 4.8), simple thresholds
segmentation can be performed to estimate major phases contents. In this process, bitmap
images (an image with white and black pixels only, a value of 0 or 1 per pixel) are created
from the elemental maps for each major phase through the process of slicing gray levels
(Heilbronner and Barrett, 2013). The aim is to segment the gray levels histograms such
that all the pixels of the images belong to one of the following phases for each sample:
quartz, k-Feldspar, plagioclase, Mica (B+MS), epoxy, and other minerals (garnet, ironrich, unidentified). Granite#14 has amphibole as additional phase, and Granite#35 has
sillimanite. The process was conducted for each sample as summarized below.
Granite#31:
The Si map for Granite#31 was segmented into five distinct phases as shown in Figure
4.10, where the limits of gray values for each phase are indicated within the histograms.
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Figure 4.10: Si Map histogram segmentation for Granite#31 : a)segmentaion of epoxy
and cracks , b) segmentaion of other phases within aggreagtes, c) segmentaion of mica, d)
segmentaion of feldspar, e) segmentaion of quartz. f) Final process segmented image and
histogram
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The final segmented image shown in Figure 4.10f was created using the ’grey LUT for x
phases’ macro command in ImageJ. Five phases were created (x=5) using the limits shown in
Figure 4.10. The resulting histogram of the segmented image is shown as district values below
Figure 4.10f instead of continuous gray values, featuring the separation of each phase. Bitmap
image for each phase within the Si map can be created directly from the grayscale processed
image (Figure 4.10f). A combination of ’Density Slice’ and ’Make Binary’ commands were
used to produce five bitmaps representing quartz, feldspar, mica, epoxy and other minor
minerals (very likely Illite and very few garnet) as shown in Figure 4.11, black pixels within
images represent materials. It is important to mention that, the ’mica’ and ’other’ bitmaps
(Figures 4.11c and d) show some errors as they contain pixels belonging to the boundaries of
aggregate particles with the epoxy, a typical common error associated with grayscale slicing
(Heilbronner and Barrett, 2013). To account for this error and to insure that every pixel
within the image is assigned to one of the five phases, a quality check was performed by taking
the average of all the five bitmaps. If the bitmaps are continuous without gaps nor overlaps,
the average image should be a flat image with constant gray value of 255/5=51 (Heilbronner
and Barrett, 2013), as shown in Figure 4.11f. If some pixels are missed or overlapped, white
or dark pixels will appear in the average. At this stage, the segmentation of the Si map is
complete (Figure 4.11). However, further processing is required to remove the noise in the
bitmaps for the purpose of minerals estimation. Median filter is one of the most used filter
in the field of image processing to clean the bitmaps, specially for removal of black pixels in
white areas and vice versa. This might remove pixels from some phases and add pixels to
other phases. However, the total count of pixels will be the same. As mentioned before, the
bitmaps in their current format show some errors (noise) as they contain pixels belonging to
the boundaries of aggregate particles or other phases. The bitmaps after cleaning the images
with a median filter are shown in Figure 4.12. Although the median filter reduced the noise
very nicely, the averaging of the five phases (a to e) produced gaps or empty spaces between
phases, shown as white pixels in Figure 4.12e. These empty spaces can be treated as phase
boundaries (Heilbronner and Barrett, 2013), or can be treated as error due to the process of
image processing.
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Figure 4.11: Bitmaps for the five phases within Si map (Granite#31)

Figure 4.12: Final processed bitmaps for the six phases and phase boundries within Si
map (Granite#31)
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This step concludes the process of Si map segmentation into six phases: epoxy and voids
(30.13%), feldspar (41.68%), mica (1.31%),quartz (24.27%), other minerals (likely Illite 0.45%), and pixels belonging to phase boundaries (Error - 2.16%). The percentages represent
the image area (% pixels) covered by each phase.
The same process was conducted for the K map to determine the percentages of k-feldspar
and mica (include all biotite and Illite), given that those are the main phases within the k
map for Granite#31. The K map is segmented into four phases including epoxy and other
phases (78.59%), mica (2.1%), K-feldspar (15.06%), and pixels belonging to phase boundaries
(Error - 4.25%) , as shown in Figure 4.13. The difference between the percentages of mica
observed in Figures 4.12 and 4.13, 1.31% and 2.1% respectively, can be attributed to the
fact that the mica calculated from K map contains both biotite and Illite. In addition, slight
error might be expected due to the noise cleaning routing (median filtering) conducted on the
bit maps. Petrographic examinations indicated the presence of fine mica inclusions (likely
Illite) within the feldspar grains. Fine particles (i.e dark pixels) within large dominate bright
particles are treated as noise by the median filter. Thus, the phase boundary pixels (4.25%)
shown in Figure 4.13 might contain pixels related to the fine particles of Illite (pixel removed)
and pixels related to k-feldspar (pixel added), and hence, the content of the former might
be slightly underestimated and the later be slightly overestimated. Assuming that the phase
boundary pixels (4.25%) are contributed equally by the median filtering of the three phases
within the k map (epoxy and others- Figure 4.13b , mica - Figure 4.13c, and K-feldsparFigure 4.13d), the error on each phase within the k map is around 1.41% (4.25%/4).
The Fe map can also be processed to determine the mica content. The Fe map for
Granite#31 (Figure 18c) contain mostly mica (biotite and Illite) and very minor Garnet
(two-three small particles). The segmentation of the Fe map, assuming that all present Fe
counts are related to mica after manually removing the very minor Garnet, revealed a 2.9%
as mica (biotite+ Illite). This was determined without performing the median filtering to
preserve the fine particles of Illite within the feldspar. After performing the median filtering,
the content of mica is determined as 2%, confirming the observation from the K-map. This
suggests that the mica content of this sample be between 2.1 - 3.51%, considering the error.
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Figure 4.13: Final processed bitmaps for the five phases and phase boundries within K
map (Granite#31)
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Granite#14:
Similarly, Si and K maps were used to determine separate major phases within
Granite#14. The Si map were segmented into six phases as shown in Figures 4.14 and
4.15. The phases include: epoxy and cracks, feldspar, mica+amphibole, quartz, other
minerals, and non-silicate minerals. Obviously, the gray values of the mica and amphibole
phases overlap as indicated in Figure 4.8. Thus, one phase of combined mica+amphibole
is segmented from the Si map, and the amount of mica is estimated later from the K map.
Granite#14 also showed minor amount of non-silicate minerals which appear dark in Si map
and very bright in the BSE image (Appendix A, Figure A-19), most likely to be a mix
of ilmenite (TiO2 ), magnetite (Fe3 O4 ), and calcite (CaCo3 ), as determined by EDS point
analysis. A minor amount of Chlorite (most likely Clinochlore) was also detected in some
particles. To avoid counting the pixels related to the non-silicate minerals with those of
’epoxy and cracks’, Figure 4.14b was manually edited by filling areas related to the nonsilicate minerals, see the appearance of this phase in the average image in Figure 4.14g.
The final processed bitmaps after the median filtering are shown in Figure 4.15 with 28.71%
epoxy, 23.57% feldspar, 31.98% mica+amphibole, 9.38% quartz, and other minor phases.The
final results of K map segmentation is shown in Figure 4.16 which indicates the separation
of mica phase (6.6%) and the presence of minor k-feldspar particles (0.08%). An error can
be estimated from the phase boundaries pixels as 3.77% for the total composition.
Granite#35:
For Granite#35, the Si map was segmented into five phases: epoxy and cracks (26.49%),
feldspar (15.1%), mica+garnet (27.61%), quartz (26.63%), non-silicate minerals (0.61%), and
pixels belonging to phase boundaries (3.56%), as shown in Figure 4.17, with an estimated
error of 0.71% per phase (3.56%/5). The ’mica+garnet’ phase includes biotite, muscovite,
silliminaite, and garnet as they have very similar typical SiO2 contents of 42%, 45%, 37%,
and 35%, respectively (Table 4.10). The no-silicate minerals are added similarly to the case
of Granite#14. Notice in Figure 4.9c, the sillimanite phase only presents in three particles
out of the six aggregates particles for Granite#35.
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Figure 4.14: Bitmaps for the seven phases within Si map (Granite#14)

Figure 4.15: Final Processed Bitmaps for the seven phases and phase boundries within Si
map (Granite#14)
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Figure 4.16: Final processed bitmaps for the seven phases and phase boundries within K
map (Granite#14)

Figure 4.17: Final Processed Bitmaps for the phases within Si map (Granite#35)
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The sillimanite phase is segmented from Figure 4.9c and determined to cover between
5.65%-5.85% of the image (before and after median filtering). The final segmented phase is
shown in Figure 4.18. It’s important to mention that, the sillimanite mineral is composed of
masses of fine fibrous crystals and they tend to overlap with other phases in the thin section.
To estimate the amount of separate mica phases and garnet, the K and Fe maps were also
segmented as shown in Figures 4.19 and 4.20. The k map was segmented into: epoxy and
other minerals (73.32%), minor k-feldspar (1.11%), and mica (biotite + Muscovite) (25.42%),
with an estimated error (boundaries pixels) 0.15% for all the phases. Given the high error
obtained from the silica map segmentation (3.56%), the mica phase (biotite + muscovite)
obtained from the k map is more realistic. The segmentation of the Fe map ( Figure 4.20)
showed 1.81% as garnet and 15.41% as biotite mica, with an estimated error (boundaries
pixels) 0.15% for all the phases.
Granite#39:
For Granite#39, the Si map was segmented into five phases: epoxy and cracks (44.20%),
feldspar (17.1%), mica+garnet (13.09%), quartz (20.71%), non-silicate minerals (0.14%),
and pixels belonging to phase boundaries(error-4.66%), as shown in Figure 4.21. The k map
for Granite#39 is mostly composed of mica (17.96%) as shown in Figure 4.22. The amount
of mica determined from k-map is quite higher than that obtained from the silica map (less
than 13.09%). This variation can be attributed to the complex texture of this sample (high
degree of foliation) and the formation of thin layers of mica between other minerals. The
segmentation of these type of samples produces too many isolated pixels which might be
considered as noise during the median filtering step. For the k map segmentation, the mica
phase was segmented without the last step of median filtering, thus, high percentage of mica
was observed. The segmentation of the Fe map (Figure 4.23) showed 0.97% as garnet and
11.32% as biotite mica.
Granite#36:
For Granite#36, the Si map was segmented into five phases: epoxy and cracks (25.83%),
feldspar+mica (50.64%), mica+garnet (13.09%), quartz (22.23%), non-silicate minerals
(0.48%), and pixels belonging to phase boundaries(0.82%), as shown in Figure 4.24.
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Figure 4.18: Final processed bitmaps for the sillimanite phase within the color
map(Granite#35)

Figure 4.19: Final processed bitmaps for the phases within K map (Granite#35)
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Figure 4.20: Final processed bitmaps for the phases within Fe map (Granite#35)

Figure 4.21: Final processed bitmaps for the phases within Si map (Granite#39)
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Figure 4.22: Final processed bitmaps for the phases within K map (Granite#39)

Figure 4.23: Final processed bitmaps for the phases within Fe map (Granite#39)
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Figure 4.24: Final Processed Bitmaps for the phases within Si map (Granite#36)
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Similarly to Granite#39, the k map for Granite#36 is mostly composed of mica (25.63
- 23.75%), depending on whether median filtering is used, as shown in Figure 4.25. The
segmentation of the Fe map (Figure 4.26) showed 0.88% as iron rich minerals and 15.59% as
biotite mica.
Summary of Phase Segmentation:
The summary of phase segmentation is shown in Tables 4.10 and 4.11 for the tested
samples. Table 4.10 shows the estimated amount of phases as percentages of the total image
surface. Since the minerals only present within the aggregate particles (not the whole image),
the percentages of phases were corrected by multiplying the values in Table 4.10 by (1/ % of
image covered by aggregates). The percentage of the image covered by aggregate particles
(materials areas) is determined as (100% - Epoxy and Voids% (from Si maps)). The corrected
phase percentages are shown in Table 4.11. The errors are assumed to be the same for both
cases as they belong to the whole image.
(b) Minerals Quantification Using X-Ray Diffraction (XRD)
The XRD patterns are shown in Figure 4.27 for all the aggregates. To account for materials
and sample preparation variation, two samples were examined for each aggregate. The
XRD peaks for major minerals within each sample are shown and marked in Figure 4.27.
Phase identification is in agreement with results from previous sections. Granite#31 mainly
contains quartz, few mica, and two types of feldspar (k-feldspar and plagioclase). Granite#14
shows high peak of amphibole (magnesio-ferri-hornblende) in addition to quartz, mica, and
plagioclase. The other three samples (Granite#35, #36, and #39) contain similar phases
(quartz, mica, and plagioclase) with different intensities. By comparing the quartz intensities
(counts) from the XRD patterns of the five samples, the samples can be ranked in the order
of decreasing quartz contents as Granite#35 and Garnite#39, Granite#31 and Granite#36,
and Garnite#14. These findings are in agreement with the amount of quartz observed in the
image processing of thin sections shown in Table 4.11, suggesting consistency in identifying
the variation between the five samples.
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Figure 4.25: Final processed bitmaps for the phases within K map (Granite#36)

Figure 4.26: Final processed bitmaps for the phases within Fe map (Granite#36)
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Table 4.10: Summary of phase segmentation based on the total area of images
No

Sample ID

Epoxy and voids
(%)(1)

Aggregate(%)
(2)=100%- (1)

Quartz(%)
(3)

1

Granite #31

30.13 ± 1.41

69.87 ± 1.41

24.27 ± 1.41

2

Granite #14

28.71 ± 0.95

71.29 ± 0.95

9.38 ± 0.95

3

Granite #35

26.49 ± 0.71

73.51 ± 0.71

26.63 ± 0.71

4

Granite #39

44.20 ± 0.95

55.8 ± 0.95

20.71 ± 0.95

5

Granite #36

25.83 ± 0.80

74.17 ± 0.80

22.23 ± 0.80

Feldspar(%)
(4)
41.68 ± 1.41
K-feldspar: 15.06 ± 1.41
Plagioclase: 26.62 ± 1.41
23.57 ± 0.95
K-feldspar: 0.08 ± 0.95
Plagioclase: 23.49 ± 0.95
15.10 ± 0.71
K-feldspar: 1.11 ± 0.71
Plagioclase: 15.10 ± 0.71
17.20 ± 0.95
K-feldspar: 0
Plagioclase: 17.20 ± 0.95
25.01 − 26.89
K-feldspar: 0
Plagioclase: 26.89 - 25.01

Mica(%)
(5)
2.1 − 3.51

Other phases(%)
(6)

Phase boundaries
(Combined error %)
2.16 − 4.25

-

6.60 ± 0.95

25.42 ± 0.71
Biotite (likely): 15.41 ± 0.71

27.97 ± 0.95
Amphibole: 25.38 ± 0.95
others: 2.59 ± 0.95
Sillimanite = 5.65 − 5.85
Garnet: 1.81
others: 0.61

3.77

3.56

13.09 − 17.96
Biotite (likely): 11.32

Garnet: 0.97
others: 0.19

4.66

23.75 − 25.63
Biotite (likely):
15.59 ± 0.80

1.36 ± 0.80

3.18

Table 4.11: Summary of phase segmentation based on the total area of aggregates
No

Sample ID

Aggregate(%)

Quartz(%)

1

Granite #31

69.87 ± 1.41

34.74 ± 1.41

2

Granite #14

71.29 ± 0.95

13.16 ± 0.95

3

Granite #35

73.51 ± 0.71

36.22 ± 0.71

4

Granite #39

55.8 ± 0.95

37.11 ± 0.95

5

Granite #36

74.17 ± 0.80

29.97 ± 0.80

Feldspar(%))
59.65 ± 1.41
K-feldspar: 21.55 ± 1.41
Plagioclase: 38.10 ± 1.41
33.06 ± 0.95
K-feldspar: 0.11 ± 0.95
Plagioclase: 32.95 ± 0.95
20.54 ± 0.71
K-feldspar: 0
Plagioclase: 20.54 ± 0.71
30.82 ± 0.95
K-feldspar: 0
Plagioclase: 30.82 ± 0.95
33.71 − 36.25
K-feldspar: 0
Plagioclase:33.71 − 36.25
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Mica(%)
Likely Biotite + Illite
3−5

Other phases(%)
Minor phases

34.58 ± 0.71
Biotite (likely): 20.96 ± 0.71
Muscovite (likely): 13.61 ± 0.71

39.23 ± 0.95
Amphibole: 35.6 ± 0.95
others: 3.63 ± 0.95
Sillimanite = 7.68 − 7.96
Garnet: 2.46 ± 0.71
others: 0.61 ± 0.71

23.46 − 32.19
Biotite (likely): 20.28 ± 0.95

Garnet: 0.97 ± 0.95
others: 0.19 ± 0.95

32.02 − 34.56
Biotite (likely): 21.02 ± 0.80

1.83 ± 0.80

Likely Biotite + Muscovite
9.26 ± 0.95

Figure 4.27: XRD patterns for aggregates, two samples for each aggregate
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The mineralogical composition of each aggregate was quantified using the Rietveld
refinement analysis of X-ray powder diffraction patterns. The Rietveld refinement method
is a complex mathematical model that uses the X-ray intensities to determine the amount of
minerals in the samples (Will, 2006). In the Rietveld method, a calculated diffraction pattern
is generated using ICDD databases and compared with the observed pattern generated by
XRD machine, then phase quantification is automatically conducted using a combination
of Rietveld refinement parameters (e.g adjustments in the crystal lattice and preferred
orientation of crystals) on HighScore-Plus software to achieve the best possible fit between
the calculated and observed patterns. Quality measures such as Rwp (weighted profile Rvalue) and GOF (goodness of fit) are calculated by the software to give indication about
the quality of the data (Rwp) and how good the calculated pattern is fitted to the observed
pattern (GOF). For complex patterns (i.e. containing three phases or more) an Rwp value
< 15% is considered for a good pattern, and a GOF value < 2 is considered for good fitting
and refinement (Deg, 2017).
The selection of fitting parameters during the Rietveld refinement analysis is subjective
and might depend on the experience of the person conducting the analysis of XRD patterns.
To account for this variation, the samples were analyzed by two different persons. the
mineralogical composition and quality measures of all aggregates are calculated from XRD
analysis and summarized in Table 4.12, S1 and S2 represent two different set of data analyzed
by two different persons. The variation between the two set of data is defined as the difference
between the two results. The results show variations between 0.3-4.3% for quartz, 0.4-3.7%
for feldspar, 0.7-3% for the mica. This variation is considered reasonable as it represents
both the variation of sample preparation (two samples) and the analysis (two persons).
(C) Comparison Between Elemental Map Processing and XRD Quantification
for Mineral Phases
Figures 4.28a, b, and c show the quantities of quartz, feldspar, and mica as calculated from
image processing of elemental maps on thin sections (as % of aggregate surfaces in the image,
Table 4.11), and the average quantities of minerals from the Rietveld refinement analysis of
X-ray powder diffraction patterns, Table 4.12.
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Table 4.12: Mineralogical composition of aggregates using XRD analysis
Sample ID

Quartz(%)
S1
S2

Granite #31

26.7

30.1

Granite #14

15.3

15.6

Granite #35

47

46.4

Granite #39

49.3

45

Granite #36

35.3

34.6

Feldspar(%)
S1
S2
PL:40.9 PL:42.3
KF:27.7 KF:24.5
PL:49.9 PL:46.2
KF:0
KF:0
PL:34.4 PL:38.3
KF:0
KF:0
PL:30
PL:30.7
KF:0
KF:0
PL:40.1 PL:39.7
KF:0
KF:0

Mica(%)
S1
S2

S1

Others(%)
S2

S1

Rwp
S2

4

2.2

0.7

0.9

12.15

13.10

1.4

3.8

AMP:32.2
CL:1.3

AMP:30.1
CL:4.2

9.4

9.5

15.7

15

T:2.9

T:0.2

9.48

12.01

18.1

21.1

T:2.7

CL:2.3
G:1

7.36

9.37

24.7

22.7

-

CL:3

9.8

15.5

AMP: Amphibole(magnesio-ferri-hornblende0),CL: Clinochlore, T: Titanite, G: Garnet, PL: Plagioclase, FL: Feldspar
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Figure 4.28: Comparison between elemental map processing and XRD quantification for
mineral phases
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In general, although the type of sample used for the two methods are different (e.g. thin
sections vs. powder samples), the two methods are very consistent in showing the variation
between the five samples; ranking the samples in the order of decreasing or increasing the
mineral contents are the same for the two methods. Except for Granite#35 the mica content
is quite higher in the thin section sample (image processing) which can be attributed to
the heterogeneity of the particles from this sample. Petrographic examination indicated
that Granite#35 is composed of two different particles : ”fine- to medium-grained granitic
igneous rock” , and ”garnet-quartz-sillimanite-mica schist” particles. The high amount of
mica in the thin-section sample of Granite#35 indicates higher concentration of garnetquartz-sillimanite-mica schist particles than that in the XRD powder sample.
There is an obvious trend in observing higher quantities in quartz and feldspar from
the XRD analysis than those from the thin-section samples (Figures 4.28a and b), while the
opposite is true in the amount of mica (Figure 4.28c). This observation is possibly attributed
to the tendency of mica to have a preferred orientation or lack of random orientation in a
powder sample, which is very common in crystals with anisotropic shapes like plates and
needles (Deg, 2017). Preferred orientation in XRD powder would result in reducing the
relative intensities of the mica peaks in relation to the ideal reference powder patterns, and
hence, lower the quantity of the phase (Deg, 2017; Will, 2006). In addition, the degree of
deformation of minerals would lead to structural defects and crystal strain, which makes it
difficult to separate the different types of mica (e.g biotie, muscovite, or Illite) as well as the
different types of other minerals such as feldspar in the XRD of deformed rock (Hestnes and
Sørensen, 2012). This suggest that the XRD powder might not be suitable for aggregates with
high mica contents and deformed rocks as in this study. The variation (differences) between
the results from image analysis method and XRD method is between 1-8% for homogeneous
sample without significant deformation and with low mica content (such as Granite#31),
between 1-10% for homogeneous deformed sample with high mica content, and between
2-20% for heterogeneous deformed samples (such as Granite#14 and Granite#35).
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(E) Material Variation within Each Sample
The mineralogical composition of the five samples determined in the previous sections
represents the bulk mineral compositions, either as percentages of the total area of images
(image segmentation method) or as percentages of the X-ray intensities counts from powder
samples (XRD method). In this section, further analysis was conducted to address the
variation of mineral composition within the particles of each sample. This is conducted by
using the minerals composition obtained from the image segmentation method to determine
the mineralogical composition of particles with the EPMA examined areas. The areas of
EPMA examination within thin sections are shown within the red box in Figures A-4, A-6,
A-8, A-10, and A-12 (Appendix A). The minerals variation within each sample is determined
and shown in Figures 4.29a, b, c, and d for the five samples.
Granite#31 (Figure 4.29a) shows homogeneous mineralogical composition between its
particles. The particles composed mainly of quartz (30-40%), plagioclase (35-40%), Kfeldspar (15-20%), and mica (< 5%).
Granite#14 (Figure 4.29b) contains three different group of rocks with different
lithology: (G14-1) Amphibole-plagioclase-quartz-mica; (G14-2) Plagioclase-quartz-mica;
(G14-3) Plagioclase-quartz. Each group shows high variation in minerals composition. G14-1
particles show about 20-65% amphibole, 20-55% plagioclase, 0-30% quartz, and 0-15% mica.
G14-2 particles show 40% plagioclase, 15% quartz, and and 40% mica. G14-3 particles
mainly compose of 50-85% plagioclase and 15-50% quartz.
Granite#35 (Figure 4.29c) shows two different groups of particles: (G35-1) Quartzplagioclase-mica; and (G35-2) Mica-sillimanite-quartz. G35-1 particles contain about 40-55%
quartz, 20-30% plagioclase, and 20-40% mica. G35-2 particles mainly compose of 55-80%
mica and 10-35% sillimanite, and < 10% quartz.
Granite#39 (Figure 4.29d) contains one type of rock (quartz-plagioclase-mica) with two
different composition groups. The first group (G39-1) composes particles with 35-50% quartz,
35-40% mica and 10-20% plagioclase. The second group (G39-2) contains particles with 3060% plagioclase, 25-35% quartz, and 15-45% mica.

158

Figure 4.29: Minerals composition variation within samples: a) Particles within
Granite#31 , b) Particles within Granite#14, c) Particles within Granite#35, d) Particles
within Granite#39, e) Particles within Granite#36.
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Granite#36 (Figure 4.29e) contains two groups of rock with two different composition:
G36-1 quartz-plagioclase; and G36-2 mica-plagioclase-quartz.

The first group (G36-1)

composes particles with 50-65% quartz and 35-50% plagioclase. The second group (G362) contains particles with 25-70% mica, 15-50% plagioclase, and 10-30% quartz.
The findings from this section suggest that a larger area should be examined for samples
with high material variation.

4.5.3

Microstructural Features Analysis

4.5.3.1 Features of Quartz
Some of established correlations between microstructure features of reactive components
and aggregate reactivity are summarized in Table 3.1.

It can be concluded that the

most significant features that contribute to reactivity of quartz-bearing rocks are the grain
boundary area and the crystals size of quartz. The quartz grain size and grain-subgrain
boundaries are considered in this study as the main features that might contribute to the
reactivity of quartz-bearing rocks (Wigum, 1995). Other features such as folliation and
the grain size distribution of quartz are also considered.

In general, size of the grain

in three dimensional geometry can be defined as the volume, the longest diameter, an
average diameter, or the surface area. While in two dimensional geometry (e,g thin-sections
examinations), the size of a grain can be defined as the cross sectional area, the longest
diameter, the shortest, the length of the outline, or other shape descriptors (Heilbronner
and Barrett, 2013). However, it should be noted that using two dimensional geometry
might cause an overestimation of relatively small grain sizes (Castro and Wigum, 2012a).
This limitation is not addressed by this study. In this study, the shape descriptors on two
dimensional geometry was used to describe the minerals grain size, a typical method for
geological samples. In particular, the cross sectional area in two dimensions was used to
estimate the grain size, regardless of the grains shape. Typically the grain size of quartz
is defined as the mean of the cumulative particle size distribution (d50 mm). The grain
boundary area is estimated by Wigum (1995) as the summation of average surface areas
of all fractions in the cumulative gradation. In this study, the methodology developed by
Wigum (1995) was used to estimate the grain boundary area of quartz. This method assumes
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a cubic shape for quartz grains and sub-grains, and the grain boundry area is estimated as
(m2 /cm3 ).
4.5.3.2 Features Analysis
Image analysis techniques can provide a quick, reliable, and automated procedures for
evaluating aggregate microstructural features, and thus provide an alternative to the
conventional petrographic techniques (Wigum, 1995), such as point counting. Castro and
Wigum (2012b) indicated that using image processing for measuring grain size of minerals
provides comparable results to the traditional point-counting method. The Lazy Grain
Boundary (LGB) method have been used for creating grain maps for minerals within the
aggregates (Heilbronner, 1999, 2000). This method has been used mainly to study the grain
size of quartzite aggregates (containing quartz mostly) (Heilbronner and Barrett, 2013).
However, the work in this study extends the applicability of LGB method to other types of
rocks that contain several minerals (e.g. rocks contain quartz, feldspar, and mica). The LGB
method applies the following set of image processing macros: image stacks, median filter,
sobel filter (for edge detection), threshold segmentation, image thickening and skeletonizing,
and pruning (Figure 4.30) . A screen shot of the macros is shown in Figure 4.31. The input
images for the LGB method are a set of polarized microscopic images of the aggregates thin
sections. These images are taken at different orientations to capture most of the grain and
subgrain boundaries of the minerals (Heilbronner and Barrett, 2013). A set of six input
images with cross polarizer and lamda-plate inserted were taken at 0, 30, 60, 90, 120, and
150 degrees by rotating the microscope stage, as shown in Figure 4.32. The grain boundaries
of quartz for each sample were obtained according to the following procedure:
1. Create stack of input images, where six orientation images are combined into a stack.
2. Perform a set of commands in LGB macro:
* Median filtering of the stack (with a radius of 7 pixel) to remove noise , cracks, and
feldspar twining lines which are not part of grain boundaries;
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Figure 4.30: Typical steps of LGB method for grain boundries, obtained from Castro and
Wigum (2012b)
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Figure 4.31: LGB macros for grain boundries segmentaion

Figure 4.32: A set of six orientation images for LGB analysis
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* Sobel Filter of the stack to detect the edges in the images;
* Threshold of the individual stake images to segment the most significant boundaries
within images;
* Combining segmented images to overlap all the boundaries;
* A combination of skeletonize, thickening, and pruning were performed to obtain
segmented grain maps. (Please note that this process is not fully automated. Manual
editing of grain boundaries has to be carried out to improve the segmentation process.)
3. Multiply the grain boundary image by a binary image of the quartz phase (obtained in
Section 4.4.3). This multiplication will result in a quartz grain map. Further editing,
to remove incomplete boundaries unrelated to quartz, of the final quartz map needs to
be carried out whenever necessary.
4. Analyze the quartz grain map using ”Analyze Particles” macro to obtain ”Area of
grains”, ”Perimeter” of the grains, ”Shape descriptors” such as major and minor axis,
which will be used to calculate the grain size and grain boundaries.
4.5.3.3 Results of Grain Size Analysis
The areas and perimeter of grains discussed in the previous section are basically obtained by
counting the pixels in the segment (area of grains) and the pixel along the edge or boundary
of the segment (perimeter of grains). It is important to mention that segments or gains
within ImageJ software are separated from one another with lines by at least two pixels
wide. However, two-pixel wide boundaries may underestimate the cross sectional areas of a
given grain, the correction for this error is discussed in this section.
To obtain a linear size measurement of grains, the concept of a circle with the same
area as the grain (equivalent circle) is used (Heilbronner and Barrett, 2013). The following
equations have been used to calculate the equivalent radius (requ ), diameter (Dequ ), and
perimeter (Pequ ) of the area equivalent circle for particles:
requ =

p
A/π

p
Dequ = 2 A/π
164

(4.1)
(4.2)

Pequ = 2 ∗ π ∗

p
A/π

(4.3)

where A = the measured area in pixels of each segment (e.g grain) from Step4, and
P = the measured length in pixels along the boundary of the grain.
To correct the grain size for the two-pixel wide boundaries (account for the 1-pixel wide
missing layer from the grain area), the following equation is used (Heilbronner and Barrett,
2013):
Dequ−corrc = 2 ∗

p

Acorrc /π = 2 ∗

p
(A + P )/π

(4.4)

The corrected equivalent diameter of quartz grains is determined using Eq. 4.4 and used
as the grain size in the following sections. The calculated grain sizes have been scaled from
pixel values to microns to provide physical meaning for grain size. The scale factor is 1 pixel
= 2.5 microns.
The quartz grain size distribution for the five samples was determined and shown
as histograms in Figures 4.33, 4.34, 4.35, 4.36, and 4.37 for Granite#31, Granite#14,
Granite#35, Granite#39, and Granite#36, respectively. Several particles were examined
for each sample to address materials variability. Each figure summarizes the quartz grain
size distribution, the mean and median quartz grain sizes, number of quartz grains within
each particle, and the area of particles. In addition, grain size mapping was developed using
ImageJ for each particle to visualize the grain size distribution. Grain size mapping can
provide useful information on whether the grain size distribution is a homogeneous mix of
small and large fractions or a result of rock deformation and recrystalization process (i.e.
formation of small quartz crystals from large grains). The quartz grain size distributions are
discussed below for each sample:
Granite#31:
Granite#31 (Non-reactive)(Figure 4.33) shows quartz grain size distributions for four
particles. The sample shows homogeneous grain size distributions between its particles.
The particles have a mean and median grain size between 130 − 157 µm and 103 − 125 µm,
respectively.
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Figure 4.33: Quartz grain size distribution and grain mapping for Granite#31: a) Particle
P10, b) Particle P16, c) Particle P21, d) Particle P23.
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Figure 4.34: Quartz grain size distribution and grain mapping for Granite#14: (a to
d) Particles from G14-1 group Amphibole-plagioclase-quartz-mica; (e and f) Particles from
G14-3 group plagioclase-quartz; (g)Particles from G14-2 group Plagioclase-quartz-mica
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Figure 4.35: Quartz grain size distribution and grain mapping for Granite#35: (a to d)
Particles from G35-1 group quartz-plagioclase-mica.

Figure 4.36: Quartz grain size distribution and grain mapping for Granite#39: (a and c)
Particles from G39-1 group; (b and d) Particles from G39-2 group

168

Figure 4.37: Quartz grain size distribution and grain mapping for Granite#36: (a and b)
Particles from G36-1 group; (c to e) Particles from G36-2 group
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Granite#31 is classified as non-reactive according to the results from the expansion tests
and pertrographic examination (no significance signs of deformation). The classification of
Granite#31 as non-reactive and the mean quartz size (130−157 µm) are in strong agreement
with the crystal size of non-reactive quartz (> 130 µm) reported by Alaejos and Lanza (2012).
This suggests that the results from this study using image processing are consistent with
results by previous studies using the traditional point counting method.
Granite#14:
Figure 4.34 shows quartz grain size distributions for eight particles from Granite#14 (slowlyreactive). As discussed earlier, this sample contains three different group of rocks with
different lithology: (G14-1) Amphibole-plagioclase-quartz-mica; (G14-2) Plagioclase-quartzmica; (G14-3) Plagioclase-quartz. Each group shows different quartz size distribution as
summarized below:
* In Figures 4.34(a-d), the G14-1 group has a mean and median grain size between 130 −
168 µm and 98 − 123 µm, respectively. This group is a mix of large and small quartz grains.
The relatively small grains are mostly formed within large amphibole and plagiocalse grains.
This group is considered as non-reactive due to the mean grain size of > 130 µm and also due
to relatively small amount of quartz and its inclusion within large amphibole and plagiocalse
grains (i.e unexposed to alkali solutions).
* In Figures 4.34(e-f), the G14-2 and G14-3 groups show a mean and median grain size
between 60−100 µm and 50−78 µm, respectively. These two groups show significant evidence
of deformation as indicated by the layers of fine-grained crystals (possible recrystallized
grains) between large mineral grains. The formation of recrystallized grains is clear in Figure
4.34(e), also see Appendix-A - Figure A-14. Elongated and stretched deformed quartz grains
with the formation of recrystallized grain around parent grains are shown. The small size
grains of the particle in Figure 4.34(g) are formed mostly by the process of recystalization
as well. Please note the occurrence of quartz as layers of fine-grained crystals. The particles
in G14-2 and G14-3 groups are very likely to be reactive due to their significant deformation
and also the mean grain size of < 130 µm.
Granite#35:
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As discussed earlier in the petrographic examination section, Granite#35 (moderatelyreactive) contains two groups of rocks: (G35-1) granitic igneous rock (mostly quartz and
plagioclase with minor mica), and (G35-2) mica-sillimanite-minor quartz, see Appendix-A Figure A-15. Only G35-1 particles were selected for quartz grain size analysis. The G35-2
particles are mainly a mix of mica and sillimanite and contain insignificant amount of quartz.
Figure 4.35 shows quartz grain size distributions for four particles from G35-1 group. The
group has homogeneous grain size distributions between its particles. The particles show a
mean and median grain size between 97 − 111 µm and 71 − 83 µm, respectively. Most of
the quartz grains show significant subgrain development and recrystalization of new small
grains. The grain size of Granite#35 is relatively higher than the grain size of Granite#14.
Thus, one might expect a higher reactivity for Granite#14 due to its relative small quartz
mean-grain-size (60 − 100 µm). However, the average grain size alone might not capture
the reactivity and expansion potential of an aggregate. For example, although the quartz
grain size for Granite#14 is relatively lower than the one for Granite#35 (suggesting higher
quartz reactivity in Granite#14), the amount of quartz in Granite#14 is significantly lower
than that of Granite#35, see Figure 4.28a.
Granite#39:
Figure 4.36 shows quartz grain size distributions for four particles from Granite#39
(moderately-reactive). This sample contains two groups of particles: G39-1 particles shown
in Figures 4.36 a and c, and G39-2 particles shown in Figures 4.36 b and d. The grain size
analysis of these two groups is discussed below:
* In Figures 4.36(a and c), the G39-1 group shows a mean and median grain size between
66 − 92 µm and 47 − 75 µm, respectively. Most of the quartz grains show significant subgrain
development and recrystalization of new small grains. Relatively large grains are stretched
and have preferred orientation that defines a continuous foliation, see Table 4.6 (particles
P9-P8). These particles are potentially reactive due to the small grain size and the strong
features of deformation.
* In Figures 4.36(b and d), the G39-2 group shows a mean and median grain size between
45 − 50 µm and 35 − 43 µm, respectively. Mostly all grains seem to be formed by the process
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of deformation and recrystalization. This is evident by the layers of fine quartz, plagioclase,
and mica with large particles of garnet which defines a mylonitic foliation, a common feature
of strong ductile deformation in high strain zones (Trouw, 2005) (see Table 4.6, particle
P24). These particles are also potentially reactive due to the small grain size and the strong
features of deformation.
Granite#36:
Figure 4.37 shows quartz grain size distributions for five particles from Granite#36 (highlyreactive). This sample contains two groups of particles: G36-1 particles are shown in Figures
4.37a, and G39-2 particles in Figures 4.37(b-e). The grain size analysis of these two groups
is discussed below:
* In Figure 4.37(a), the G36-1 group shows a mean and median grain size of 85 µm and
68 µm, respectively. Most of the quartz grains show significant grain boundaries and subgrain
development. Relatively large grains are stretched and have preferred orientation that defines
a continuous foliation, see Table 4.8 (particles P21 and P20). These particles are reactive
due to the small grain size and the features of deformation.
* In Figure 4.37(b-e), the G36-2 group shows a mean and median grain size of 47 − 68 µm
and 44 − 61 µm, respectively. Most of the quartz are fine-grained and arranged in layers
separated by mica-rich layers which defines schistosity with spaced, continuous, or microfolds
foliation (see Table 4.8). These particles are potentially reactive due to their fine-grained
size and the strong foliation.
4.5.3.4 Summary of Quartz Grain Size Distribution :
The quartz reactivity (solubility) in alkaline environment has been mainly attributed
to the deformation in its crystal lattice, the formation of sub-grain boundaries (boundaries
with high dislocation density), and the reduction of quartz size (i.e formation recrystallized
grains). Thomson and Grattan-Bellew (1993) reported that quartz with <100 µm grain
size is more soluble than one with >130 µm. Gogte (1973) attributed the reactivity of
granite aggregate to the presence of microcrystalline quartz that is <100 µm. The Norwegian
Standard (2000) classifies the reactivity of quartz based on crystal size into three categories;
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Innocuous: >130 µm; Ambiguous: 60 − 130 µm; and Reactive quartz: 10 − 60 µm. Alaejos
and Lanza (2012) investigated the reactivity of quartzites aggregates containing different
quartz crystal sizes (0 − 10 µm; 10 − 60 µm; 60 − 130 µm) and observed that the expansion
on mortar bar is mainly driven by the content of quartz less than 60 µm . This suggests
that a single measure of quartz grain size (i.e. mean or median size) may not capture the
size distribution of grains which plays an important role in the reactivity of aggregates as
discussed above.
In this study, the grain size histograms for the five samples have been divided into three
main categories, similar to the Norwegian Criteria, to capture the distribution of quartz
grain size and its influence on aggregate reactivity: <60 µm , 60 − 130 µm, and >130 µm.
The results are shown in Figure 4.38 and summarized in Table 4.13 for several particles
within the five samples. Table 4.13 shows the amount of quartz within each particle (as
a percentage of the particle mineralogical composition), the mean and median grain sizes,
and the distribution of quartz grain size (as a percentage of quartz amount within each
particle(Column#3)).
Figure 4.38 indicates that the non-reactive samples (Granite#31) and the possibly nonreactive particles within Granite#14 (G14-1) both contain the lowest amount of reactive
quartz <60 µm among the five samples , an average of 3% and 2% for Granite#31 and
G41-1 of Granite#14, respectively (Table 4.13). It is also interesting to observe that the
two groups of non-reactive particles (Granite#31 and G14-1 of Granite#14), which belong
to two different rocks, show a similarity, both in the quartz mean grain size (148 − 149 µm)
and median grain size (114 − 118 µm) as well as in the amount of reactive quartz <60 µm
(3%-2%). This observation is in strong agreement with the characteristics of non-reactive
quartz observed in previous studies.
On the other hand, all reactive aggregates show less than <106 µm average mean grain
size and less than <76 µm average median grain size. This in fact is in agreement with
Thomson and Grattan-Bellew (1993) suggestion that the solubility of quartz increases when
the mean grain size is less than 100 µm. However, the quartz grain size alone might not
provide enough information about aggregate reactivity.
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Figure 4.38: Summary of quartz grain size distribution: a) Granite#31; b) Granite#14;
c) Granite#35; d) Granite#39; d) Granite#36
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For example, the grain size of Granite#14 (G14-2 and G14-3)(slowly-reactive) is relatively
lower than the grain size of Granite#35 (moderately to highly) (Table 4.13). Thus, one might
expect a higher reactivity for Granite#14 due to its relative small quartz mean-grain-size
(60 − 100 µm). However, the reactivity of Granite#35 is significantly higher than that of
Granite#14. This can be mainly attributed to the fact that the grain size doesn’t consider
the distribution of grain size and the amount reactive quartz <60 µm.
Despite the heterogeneity of the reactive samples (G14-2 and G14-3 of Granite#14,
Granite#35, Granite#39, and Granite#36), they all show significantly higher amount of
reactive quartz (<60 µm) than that of non-reactive particles. For example, Granite#35
(moderately reactive) has 18% of <60 µm quartz compared to only 3% in Granite#31
(non- reactive), and also less than the average 17%-33% of the highly reactive aggregate
(Granite#36). This suggests that the amount of reactive quartz <60 µm can provide
good indication of aggregate reactivity. The amount of quartz between 60 − 130 µm, or
doubtful reactive quartz as defined by Alaejos and Lanza (2012), does not seem to provide
an indication about aggregate reactivity, as both a non-reactive sample (Granite#31) and a
reactive sample (Granite#35) show the same amount of 60 − 130 µm quartz (17%).
4.5.3.5 Results of Quartz Grain Boundaries Analysis
Based on previous studies, the development of sub-grains and subgrain boundaries is
considered a major parameter which relates to the degree of rock deformation and also
to the potential reactivity of quartz.

Kerrick and Hooton (1992) and Shayan (1993)

concluded that the ASR reactivity of quartz-bearing occurs mainly at the grain boundaries
of microcrystalline quartz as it contains a pore space for alkaline concrete fluid to penetrate
and react with the finely divided quartz (large surface area).

Other researchers also

concluded that at high degree of deformation the rock experiences a higher reactivity in
concrete, which may be attributed to the formation of crystal discontinuity in quartz (subgrain development), reduction of quartz grain size (recrystallization), and the formation of
metamorphic foliation (Wigum, 1995; Monteiro et al., 2001; Wenk et al., 2008; Alaejos and
Lanza, 2012; Ramos et al., 2016).
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Table 4.13: Summary of quartz grain size distribution
Sample ID

Particles ID

Quartz(%)

Granite #31

P10
P16
P21
P23
P15
-

31%
38%
40%
33%
39%
AVG.: 36%

P19
P12
P25
P34
P20
-

10%
6%
28%
24%
8%
AVG.1: 15%

P21
P14
-

48%
12%
AVG.2: 30%

P13
P22
P15
P11
P13
-

14%
AVG.3: 14%
47%
54%
47%
38%
AVG.: 47%

P13
P25
P20
-

36%
34%
24%
AVG.1: 33%

P28
P24
-

52%
32%
AVG.2: 42%

P20
P18
P13
P14
-

32%
32%
12%
33%
AVG.1: 33%

P21
P19
-

64%
48%
AVG.2: 56%

Granite #14

Granite #35

Granite #39

Granite #36

Quartz Grain Size(µm)
Mean Size
Median Size
143
103
158
120
151
125
130
112
157
131
AVG.: 148
AVG.: 118
Group: G14-1
150
98
130
121
142
106
168
123
157
121
AVG.1: 149 AVG.1: 114
Group: G14-2
99
73
100
79
AVG.2: 100
AVG.2: 76
Group: G14-3
61
51
AVG.3: 61
AVG.3: 51
112
83
98
73
112
79
102
72
AVG.: 106
AVG.: 77
Group: G39-1
66
48
92
75
51
44
AVG.1: 70
AVG.1: 56
Group: G39-2
45
35
55
44
AVG.2: 50
AVG.2: 40
Group: G36-1
69
61
56
50
57
51
47
44
AVG.1: 57
AVG.1: 52
Group: G36-2
85
69
73
58
AVG.2: 79
AVG.2: 64
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Quartz Grain Size Distribution(%)
<60 µm
60 − 130 µm
>130 µm
5%
15%
11%
5%
16%
18%
2%
18%
19%
3%
18%
13%
2%
17%
20%
AVG.: 3%
AVG.: 17%
AVG.: 16%
2%
1%
6%
2%
1%
AVG.1: 2%

4%
3%
11%
10%
3%
AVG.1: 6%

4%
3%
11%
12%
4%
AVG.1: 7%

18%
4%
AVG.2: 11%

19%
6%
AVG.2: 13%

11%
2%
AVG.2: 7%

9%
AVG.3: 9%
16%
22%
17%
16%
AVG.: 18%

4%
AVG.3: 4%
18%
19%
17%
13%
AVG.: 17%

1%
AVG.3: 1%
13%
13%
13%
9%
AVG.: 12%

23%
12%
17%
AVG.1: 17%

10%
16%
6%
AVG.1: 11%

4%
6%
0%
AVG.1: 5%

42%
23%
AVG.2: 33%

8%
7%
AVG.2: 8%

2%
2%
AVG.2: 2%

12%
20%
8%
26%
AVG.1: 17%

17%
10%
4%
7%
AVG.1: 10%

3%
1%
0%
0%
AVG.1:2 %

26%
22%
AVG.2: 24%

28%
20%
AVG.2: 24%

10%
6%
AVG.2: 8%

Quantitative area measurement of quartz grain boundaries is considered by Wigum (1995)
as a good indicator of aggregate reactivity on the mortar bar expansion test (ASTM C1260).
Although the area measurement of total quartz grain boundaries does not distinguish
between ordinary grains and sub grains, Wigum (1995) suggested that the major contribution
to the quartz boundaries area was due to the formation of subgrains.
It could be very difficult to distinguish between separate grains where the sub-grain
boundaries can be ambiguous, especially in rock samples with significant deformation. In
addition, the small sub-grains developed within larger grains may be difficult to observe
due to the limitation of optical microscope resolution. In this study, grain boundaries of
quartz were estimated using image processing techniques. Quartz grains boundary map
was developed by processing several orientation images using LGB method as discussed in
previous sections. The quartz grain boundary maps were analyzed to estimate the amount
of quartz grain boundaries in each sample using the method developed by Wigum (1995).
In his method, the grain boundary area of quartz (m2 /cm3 ) is estimated utilizing quartz
grain size gradation histogram/curve determined by point counting. A cubical crystal shape
is assumed for grains and subgrains. The average grain size between two main grading
fractions is used to estimate the average surface area for this specific section of the grading
histogram. The area obtained is then multiplied by the number of quartz grains within the
selected fractions that can be placed in 1cm3 and by the proportion of quartz in that fraction.
The step is repeated for all the selected fractions in the grading and a summation is performed
for all areas from selected fractions. This grain boundary area is multiplied by the quartz
amount in the rock to obtain the total available grain boundary area of quartz(m2 /cm3 ).
These steps can be summarized in the equation below:
QBA = (

X

Aav ∗ N ∗ P ) ∗ Q

(4.5)

f ractions

where:
QBA = total available grain boundary area of quartz (m2 /cm3 );
Aav = average surface area for two selected fractions;
2 2
Aav = 6 ∗ ( d1 +d
) , for a cubic crystal shape, d1 and d2 are the average grain sizes for selected
2

fractions;
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N = number of grains within the selected fractions that can be placed in 1cm3 ;
P = proportion of quartz in the selected fractions;
Q = quartz amount in the rock.

In this study, the Wigum method, which a time-consuming used point-counting technique
to estimate the total available grain boundary area of quartz was modified by using image
processing technique. In addition, Wigum (1995) used only selected fractions of the grading
to estimate the boundary area while in this study two options were considered:
1. The histogram of quartz size distribution is divided into 50 bins at 20 µm intervals
(i.e 0-20, 20-40, 40-60,...., 980-1000 µm) and all the bins are used to determine the
total quartz grain boundary area (i.e summation of the boundary area from each pin).
The results are then multiplied by the average amount of quartz in the particles. The
results from this option is summarized in Column 7 of Table 4.14.
2. Since the reactivity of the aggregates from this study is influenced mainly by the
amount of quartz <60 µm (discussed in the following section), only the grain boundary
area of quartz <60 µm is considered. The histogram bins 0-20, 20-40, and 40-60 µm
are used to determine the total reactive quartz grain boundary area (i.e summation
of the boundary area from each pin). The results are then multiplied by the average
amount of quartz <60 µm in the particles. The results from this option is summarized
in Column 8 of Table 4.14.
The influence of the quartz grain boundary areas on aggregate reactivity is discussed in
the following section.

4.5.4

Correlations Between Microstructural Features of Quartz
and ASR Expansion
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Table 4.14: Summary of quartz grain boundaries

Sample ID
(1)

Granite #31

Particles ID
(2)

Total Quartz
(%)(3)

P10
P16
P21
P23
P15
-

AVG.: 36%

P21
P14
P13

AVG.: 24.7%

P22
P15
P11
P13
-

AVG.: 47%

P13
P25
P20
P28
P24

AVG.: 35.6%

P20
P18
P13
P14
P21
P19

AVG.: 36.8%

Granite #14

Granite #35

Granite #39

Granite #36

Reactive Quartz
<60 µm (%)(4)

Total Grain
Boundaries Area
(m2 /cm3 )(5)

Grain (<60 µm)
Boundaries Area
(m2 /cm3 )(6)

0.0612
0.0168
0.0558
0.0141
0.0524
0.0066
AVG.: 3%
0.0573
0.0089
0.0509
0.0058
AVG.: 0.0555
AVG.: 0.0104
Group: G14-2 and G14-3
0.0880
0.0519
0.0843
0.0417
AVG.: 10.3%
0.1227
0.0966
AVG.: 0.0983
AVG.: 0.0634
0.0842
0.0480
0.0971
0.0651
0.0894
0.0563
AVG.: 18%
0.0974
0.0657
AVG.: 0.0920
AVG.: 0.0587
Group: G39-1 and G39-2
0.1299
0.1070
0.1554
0.1351
0.0908
0.0513
AVG.: 23.4%
0.1625
0.1501
0.1322
0.1202
AVG.: 0.1337
AVG.: 0.1127
Group: G36-1 and G36-2
0.0937
0.0522
0.1279
0.1014
0.1237
0.0956
0.1411
0.1234
AVG.: 19%
0.0988
0.0603
0.1021
0.0640
AVG.: 0.1146
AVG.: 0.0828
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Total Quartz
QBA
(m2 /cm3 )
(7)=(3)x(5)

Reactive Quartz
<60 µm (QBA)
(m2 /cm3 )
(8)=(4)x(6)

0.0201

0.0004

0.0242

0.007

0.0428

0.0104

0.0476

0.0264

0.0422

0.0157

An attempt was made in this study to correlate the results of quartz grain size analysis
shown in Table 4.13 and the results of quartz grain boundaries shown Table 4.14 with average
expansion from expansion tests. The expansion results from both the concrete prism test
(ASTM C1293, one year test) and the mortar bar test (ASTM C1260, 14 days test) were
used. It should be noted that the ASTM C1293 is considered as the most reliable test for
predicting the reactivity of an aggregate, and the ASTM C1260 is considered to have low
reliability due to its harsh testing environment. The purpose of this study is to establish
correlations based on the results from image processing of microscopic images to ultimately
improve the reliability of traditional petrographic methods and to provide the baseline for
fully automated examination method to predict ASR of granite aggregates.
It is important to be aware of the limitations involved in this study which include: the
number of samples considered in this study (5 samples), the physical limitation of the detailed
examined areas for each sample (25.5 x 19.2 mm), the variation between the particles from
the same sample, the two dimensional limitation of the thin-sections, the limitation of the
resolution of optical microscope images (Approx. 10200 x 7600 pixels resolution, 2.5 µm
pixel size) and the electron microprobe images (1023 x 768 pixels resolution, 25 µm pixel
size), and also variation associated with expansion measurements. Although most of these
limitations are typical for studies involving microscopic examinations of geological samples,
the features of reactive and non-reactive samples are very distinct.
In the following section, each data point is represented by an average value and a standard
deviation. The expansion values are represented by the average expansion of at least three
samples and their standard deviations. The microstructural features are represented by an
average value representing different particles within the respective sample and the standard
deviation. Given the physical limitation of the examined areas and the limited numbers of
particles, a high standard deviation would be expected for the microstructural features.
4.5.4.1 ASR Expansion and Quartz Grain Size
The graphs in Figure 4.39 show the correlations between the average expansion results from
the ASTM C1260 (at 14 days) and the ASTM C1293 (at one year) and the average quartz
size for each sample (the mean and median sizes).
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Figure 4.39: Correlation between quartz grain size and the average expansion in ASTM
C1260 (after 14 days) and ASTM C1293 (after one year): a) Mean Size vs. ASTM C1260; b)
Mean Size vs. ASTM C1293; c) Median Size vs. ASTM C1260; d) Median Size vs. ASTM
C1293. The red lines represnt the expansion limits for each expansion test: 0.1% at 14 days
for ASTM C1260 and 0.04% at one year for ASTM C1293
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The mean grain size is always higher than the median size for all the samples, as shown
also in Table 4.13.
Figures 4.39 (a) and (c) indicate a relatively good logarithmic relationship with a
coefficient of determination of R2 = 0.86 between the quartz grain size (both the mean
and median) and the average expansion after 14 days in ASTM C1260. Although the data
is limited , a reduction of quartz grain size shows a corresponding increase in the expansion
at 14 days. Projecting the 0.1% expansion limit of ASTM C1260 on the best fit curve,
aggregates with a mean quartz grain size of less than around 110 µm and a median quartz
grain size of less than around 90 µm would likely exceed the 0.1% expansion limit on ASTM
C1260. This observation is in agreement with findings from Thomson and Grattan-Bellew
(1993) who suggested an increase in quartz solubility when the mean grain size is less than
100 µm. Wigum (1995) also observed a similar trend and suggested a mean quartz grain
size of less than 112 µm for an aggregate to exceed the 0.1% expansion limit. This suggests
that using image processing for analyzing quartz grain size can provide comparable results
to those obtained from the traditional petrographic methods, although different rocks are
examined in this study.
Nevertheless, although the quartz grain size showed a significant correlation with the 14
days average expansion on ASTM C1260, the reliability of this test is questionable (Thomas
et al., 2013; Rajabipour et al., 2015; Folliard et al., 2006). In this study, both ASTM C1260
and C1293 show agreement in classifying aggregates as reactive (Granite# 14, 35, 39, and
36) and nonreactive (Granite# 31). However, the classification of the degree of reactivity
is different between the two tests. For example, ASTM C1293 ranked the expansion of the
five sample in the order of increasing expansion potential as: Granite#14, Granite#35 and
Granite#39, and Granite#36. However, the results from ASTM C1260 showed different
ranking for the five samples with Granite#35 showing the lowest expansion and Granite#39
showing a significantly higher expansion. The classification of aggregate reactivity (slowly
to highly reactive) in this study is based on the results from the concrete prism test (ASTM
C1293) as it has more reliability over the mortar bar test (ASTM C1260).
Figures 4.39 (b) and (d) show the correlations between the quartz grain size (both the
mean and median) and the average expansion after one year in ASTM C1293. A very similar
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logarithmic relationships to those in Figures 4.39 (a) and (c) can be observed. However,
quartz grain sizes show weaker relationships, with a lower coefficient of determination (R2 =
0.72 for mean size and R2 = 0.78 for median size), than those observed in Figures 4.39
(a) and (c). Projecting the 0.04% expansion limit of ASTM C1293 on the best fit curve,
aggregates with a mean quartz grain size of less than around 120 µm and a median quartz
grain size of less than around 95 µm would likely exceed the 0.04% expansion limit at one
year on ASTM C1293. Those values are slightly higher than the ones observed in the ASTM
C1260 which can be attributed to the harsh testing environment of the mortar-bar test.
But in general, the threshold of median grain size around 90 − 95 µm provides indication of
reactive aggregates on both ASTM C1260 and ASTM C1293.
In addition, the average grain size of Granite#35 is significantly higher than that of
Granite#14, and , yet the former shows significantly higher expansion on the ASTM C1293
than the later. This contradicts the behavior observed in the ASTM C1260 which shows a
higher reactivity for Granite#14 . These results indicate that the quartz grain size alone
might not provide enough information about the realistic expansion potential of aggregates.
Based on theoretical understanding of aggregate reactivity, the size distribution (proportions
of finer vs. larger sizes) and the amount of quartz in the samples need to be considered.
In this particular case, the quartz content of Granite#14 is significantly lower than that of
Granite#35 (see Figure 4.28 and Table 4.13) which could be the main reason for the lower
expansion of Granite#14 in ASTM C1293.
On the other hand, both Granite#36 and Granite#39 have comparable quartz grain
size with slightly higher quartz amount in Granite#39 (see Figure 4.28 and Table 4.13).
Nevertheless, a significantly higher expansion on Granite#36 than that of Granite#39
(Figures 4.39 (b) and (d)) was observed . In fact, this particular observation provides a
good insight into the importance of the rock textures in aggregate reactivity. As previously
discussed in the ”Petrographic Analysis of Aggregate Samples”, both Granite#36 and
Granite#39 were derived from rocks with significant signs of deformation and they both
appear to contain significant amount of fine quartz grains. However, the reduction of quartz
grain size in Granite#39 occurred in a rock likely due to the process of significant ductile
deformation and recovery which is evident by the presence of high stretched grains with
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significant subgrain development and recrystallization of new small grains, see figures in
Table 4.6. While the reduction of quartz grain size in Granite#36 appears to be derived
from metamorphism of sandstone (i.e without sub grain development) which is evident
by the continuous and microfolds foliation defined by parallel layers of mica and quartz
minerals, see figures in Table 4.8. Given the inherent physical properties of mica minerals
and its occurrence as layers, those parallel layers of mica in Granite#36 would likely provide
short paths for the alkalies solution to reach reactive quartz. It has been reported that
the penetration of alkalies into a crystalline structure would occur along interfacial cracks
between grains or mineral crystals (Jensen ,1993), along bedding plane and cleavages (French,
1992), and also along planes created by preferential parallel quartz grains and phyllosilicates
(i.e mica) in foliated rocks (White, 1979). This suggests that the high expansion observed
in Granite#36 is likely influenced by the relatively high accessibility of alkalies to reactive
divided quartz.
4.5.4.2 ASR Expansion and Quartz Grain Size Distribution
Correlations between ASR expansion and the distribution of quartz grain sizes have been
investigated. For the purpose of investigating these correlations, the amount of quartz
in each particle is determined from image processing and summarized in Table 4.13 for
several particles within the five samples. Quartz is shown as a percentage of the particle
mineralogical composition. Utilizing the histograms of quartz grain size distribution for each
particle, the amount of quartz is divided into three categories: <60 µm , 60 − 130 µm, and
>130 µm, as shown in the last three columns in Table 4.13. The results from expansion
tests (ASTM C1260 and 1293) are plotted against the total amount of quartz, amount of
quartz <60 µm, amount of quartz between 60 − 130 µm, and amount of quartz >130 µm, as
shown in Figure 4.40. The left side of the figure shows plots against the 14 days expansion
on the mortar bar test (ASTM C1260) while the right side shows plots against the one year
expansion value on the concrete prism test (ASTM C1293).
It should be noted that, due to the physical limitation of the examined areas and the
limited numbers of particles examined, a relatively high variation is observed among the
particles from the heterogeneous samples.
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Figure 4.40: Correlation between quartz distribution and the average expansion in ASTM
C1260 (after 14 days) and ASTM C1293 (after one year): a-d ) Quartz Distribution vs.
ASTM C1260 Exapansion at 14 days; e-h) Quartz Distribution vs. ASTM C1293 at one
year for ASTM C1293
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Results from homogeneous samples such as Granite#31 and Granite#35 show lower
variation as all their particles appear to be from similar rock types. However, Granite#14,
#39, and #36 contain particles from rocks with different textures. Nevertheless, the area
for examinations within the thin-sections was selected to include particles that represent the
whole thin-section. Thus, the average values used in the plots are considered to represent
the whole thin-section.
Figures 4.40 (a) and (e) indicate no correlation between the total quartz content and ASR
expansion. This is anticipated as the reactivity of quartz bearing rocks is not dependent
solely on the amount of quartz in an aggregate, but also on the microstructural features
of the reactive quartz (i.e grain size, deformation, and so on). However, the amount of
quartz <60 µm shows a significant linear correlation (R2 = 0.81) with ASR expansion on
the concrete prism test (Figure 4.40(e)). An increase in the amount of quartz <60 µm shows
a corresponding increase in the expansion on ASTM C1293. A similar trend is observed with
ASR expansion on the mortar bar test (4.40(b)) but with low coefficient of determination
(R2 = 0.53) which can be improved to R2 = 0.85 if Granite#35 is removed as an outlier.
The amount of quartz between 60 − 130 µm and >130 µm does not seem to provide an
indication about aggregate reactivity. Projecting the 0.04% expansion limit of ASTM C1293
on the best fit line, aggregates with more than 7% of quartz <60 µm would likely exceed
the 0.04% expansion limit at one year on ASTM C1293, the same limit is applicable for
the 14 days expansion on ASTM C1260. This is in agreement with findings by Alaejos and
Lanza (2012), who claimed that the mortar bar expansion for quartzites, quartzarenites and
limestones collected from Europe correlates with amount of reactive quartz <10 µm and
10 − 60 µm. They also suggested a limit of 8.3 vol.% of quartz 10 − 60 µm is required to
exceed the 0.1% expansion limit on the mortar bar test. Although Alaejos and Lanza (2012)
examined different type of rocks, the correlation of ASR expansion with quartz <60 µm is
applicable for granite aggregates from Tennessee.
4.5.4.3 ASR Expansion and Quartz Grain Boundaries
Correlations between ASR expansion and the grain boundary area of quartz are shown in
Figure 4.41.
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Figure 4.41: Correlation between quartz grain boundry area and the average expansion in
ASTM C1260 (after 14 days) and ASTM C1293 (after one year): a) Total Quartz QBA vs.
ASTM C1260 Exapansion at 14 days; b) Total Quartz QBA vs. ASTM C1293 at one year
for ASTM C1293; c) Total Quartz <60 µm QBA vs. ASTM C1260 Exapansion at 14 days;
b) Quartz <60 µm QBA vs. ASTM C1293 at one year for ASTM C1293
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The expansion of aggregates increases as the grain boundary area of quartz increases. In
fact, the correlations shown in Figures 4.41(a) and (b) are very similar to the correlation
observed with the amount of quartz <60 µm shown in Figures 4.40(b) and (f). This suggests
that the grain boundary area of quartz is mainly contributed by fine quartz , as it has higher
surface areas. Thus, using the amount of quartz <60 µm as an indication for aggregate
reactivity is equivalent or very similar to the grain boundary area of quartz suggested by
Wigum (1995). A better correlation between ASTM C1260 and the boundary area of quartz
is obtained when only the quartz <60 µm is considered in calculating the grain boundary
area (QBA) (Figure 4.41c).

4.6

Summary and Conclusions

In this study five granite aggregate samples collected from different geographical locations
near the state of Tennessee were selected for further characterization to predict their ASR
reactivity. The aggregates were selected to represent different ASR expansion potential (i.e.
non-reactive, slowly reactive, and moderately to highly reactive aggregates) and various
microstructural features. The ultimate goal of the study is to improve the understanding of
the contribution of the microstructural features of granite aggregates on their ASR reactivity,
and to establish a better understanding of the minerals characteristics that affect aggregates
dissolution under alkaline environment.
In this phase of the study, image processing techniques were used to study microstructural
features of granite aggregates, namely the mineralogical composition, quartz grain size and
disrubution, and quartz grain and sub-grain boundaries. Unlike previous studies, results
from reliable expansion test such as the concrete prism test (ASTM C1293) were used to
establish novel characteristics limits for a non-reactive, slowly reactive , or highly reactive
aggregates. The findings from this study will ultimately contribute to the improvement of
assessment techniques to identify the reactivity and expansion potential of granite aggregates
based on quantitative petrographic characteristics of aggregates. The main findings from this
study are summarized below:
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1. Using image processing for analyzing quartz grain size can provide comparable results
to those obtained from the traditional petrographic methods. Grain size mapping using
image processing can provide useful information on whether the grain size distribution
is a homogeneous mix of small and large fractions or a result of rock deformation and
recrystalization process (i.e. formation of small quartz crystals from large grains). This
information is important for aggregate characterization as ASR reactivity of aggregates
depends mainly on the degree of deformation.
2. Granite aggregates with a mean quartz grain size of less than around 110 − 120 µm
and a median quartz grain size of less than around 90 − 95 µm would likely exceed
the 0.1% expansion limit on ASTM C1260 and the 0.04% expansion limit at one year
on ASTM C1293. The non-reactive particles show a mean quartz grain size of around
150 µm and a median quartz grain size of around 115 µm.
3. Grain size of quartz can only provide an indication of possible aggregate reactivity.
However, the amount and distribution of quartz need to be considered to confirm
aggregate reactivity and the potential expansion of an aggregate. Results from this
study indicate that an increase in the amount of quartz <60 µm shows a corresponding
increase in the ASR expansion. The amount of quartz between 60 − 130 µm and
>130 µm does not provide an indication about aggregate reactivity on expansion tests.
4. Granite aggregates with more than 7% of quartz <60 µm would likely exceed the 0.04%
expansion limit at one year on ASTM C1293, the same limit is applicable for the 14
days expansion on ASTM C1260.
5. The average amount of quartz <60 µm in the samples within this study is less than
5% for non-reactive samples, around 10% for a slowly reactive sample, and between
17% to 33% for moderately to highly reactive samples.
6. The reactivity of granite aggregates within this study is influenced mainly by the
deformation features such as the reduction of grain size of quartz, development of
sub grains and sub grain boundaries, and the development of foliation. The following
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diagram (Figure 4.42) is developed based on the main features of reactive aggregates
in this study to help assess the reactivity of similar aggregates.
7. The mineralogical composition of the five aggregate samples were determined using two
methods, mainly the amount of quartz, mica , and feldspar: (A) Image segmentation of
electron microprobe elemental maps (Si+K+Fe) collected on thin-section samples; and
(B) and X-ray powder diffraction of powder samples. These methods show consistence
in identifying the variation between the five samples.

The variation (differences)

between the results from the image analysis method and the XRD method is between
1-8% for homogeneous sample without significant deformation and with low mica
content, between 1-10% for homogeneous deformed sample with high mica content,
and between 2-20% for heterogeneous deformed samples. The X-ray powder diffraction
underestimates the amount of mica in the samples, possibly attributed to the tendency
of mica to have a preferred orientation or lack of random orientation in a powder
sample.
8. The Lazy Grain Boundary (LGB) method has been used for creating grain maps for
minerals within the aggregates samples. The method input is six images with cross
polarizer and lamda-plate inserted taken at 0, 30, 60, 90, 120, and 150 degrees by
rotating the microscope stage. This method has been used mainly to study the grain
size of quartzite aggregates (contain quartz mostly). In this study, the applicability
of LGB method was extended to other types of rocks that contain several minerals
(e.g. rocks contain quartz, feldspar, and mica). Segmentation of quartz phase can
be achieved by multiplying the grain map of minerals by a binary image of quartz
phase obtained from other instrument (i.e. electron microprobe, XRF, etc). Images
resolutions are recommended to be similar to minimize errors.
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Figure 4.42: The influnce of aggreagte features on ASR
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9. Limitations involved in this study include: the number of samples considered in this
study (5 samples), the physical limitation of the detailed examined areas for each
sample (25.5 x 19.2 mm), the variation between the particles from the same sample,
the two dimensional limitation of the thin-sections, the limitation of the resolution of
optical microscope images (Approx. 10200 x 7600 pixels resolution, 2.5 µm pixel size)
and the electron microprobe images (1023 x 768 pixels resolution, 25 µm pixel size),
and also the variation associated with expansion measurements. Although most of
these limitations are typical for studies involving microscopic examinations of geological
samples, the features of reactive and non-reactive samples are very distinct.
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Chapter 5
Conclusions
5.1

Summary

The work presented in this dissertation is part of two research projects that aimed at
combating the occurrence alkali-silica reaction in new concrete construction in the state
of Tennessee (USA) and improving the diagnostic tools to assess the condition of ASRaffected structures. Identifying the reactivity of an aggregate to ASR is one of the most
efficient ways for preventing ASR in new concrete. There exists a need for a test method
that is capable of assessing aggregate reactivity in a reasonable time and accurately predict
the field performance of concrete. In addition, more understanding on the contribution of
field conditions (such as confinement and ASR development rate) on the degradation of
ASR-affected concrete is required for better assessment of existing structures. This study
has:
1. Contributed to the improvement of assessment techniques to identify aggregate reactivity and expansion potential based on quantitative petrographic and mineralogical
characteristics of aggregates.

This was achieved by investigating the influence of

aggregate minerology, chemistry, and microstructural features on aggregate reactivity
and the rate of ASR expansion using wide range of reactive aggregates that is typically
used for concrete construction in the state of Tennessee, USA. Novel characteristics
limits for a non-reactive, slowly reactive , or highly reactive aggregates were suggested
for common used aggregates within the state of Tennessee, namely limestones and
granite aggregates. Unlike previous studies, results from reliable expansion test such
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as the concrete prism test (ASTM C1293) was used, and also advanced techniques
such as image processing was applied for analysis. A dissolution experiment to further
advance the understanding of minerals dissolution behavior in alkaline environment
was proposed for future studies.
2. Contributed to the understanding of the influence of confinement and ASR expansion
rate on the degradation of mechanical properties of ASR affected concrete. This
was achieved by conducting a testing program involving concrete samples made with
aggregates that have different expansion rates and cast in different confined conditions.
Literature data was collected and analyzed to establish a novel concrete degradation
trends as a function of different rates of ASR expansion.

5.2

Conclusions

Conclusions from each chapter are summarized below.

5.2.1

Effect of Alkali-Silica Reaction Expansion Rate and Confinement on Concrete Degradation

Experimental program was performed to investigate the effects of the rate of ASR expansion
and confinement on the degradation of mechanical properties of concretes, namely the
reduction of compressive strength, elastic modulus, and tensile splitting strength. Literature
data on the degradation of mechanical properties of concretes with ASR expansion were
collected and analyzed to investigate the influence of the rate of ASR expansion and
confinement on the degradation trends. The main findings are summarized below.
1. The degradation trend of mechanical properties of ASR-affected concrete is significantly
influenced by the rate of ASR expansion and slightly affected by confinements. At the
same expansion level, concrete with a higher rate of ASR expansion can experience
more degradation than one with a slower rate of ASR expansion. The direction of
confinement and subsequent crack orientation might impact the degradation trend of
elastic modulus. The reduction of elastic modulus is higher when ASR cracks mostly
orient perpendicular to the direction of loading.
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2. The behavior of field concrete is most likely represented by experimental studies
conducted at slow ASR expansion rates rather than those conducted at high or very
high rates. The effect of ASR damage on field concrete is most likely offset or minimized
by continuing hydration of concrete and creep of the cement paste.
3. ASR expansion rate is sensitive to confinement and stress conditions. Interior concrete
within a structure might exhibit a lower volumetric expansion than exposed external
concrete surfaces due to the coupled effects of water supply reduction and triaxial state
of stresses.
4. A logarithmic correlation with the coefficient of determination of R2 = 0.9 is observed
between elastic modulus and volumetric expansion at a very high rate of expansion.
However, lower values of R2 (0.62 for high rate and 0.6 for slow rate) are obtained as
the rate of ASR expansion reduces due to the potential effects of cement hydration
and creep of the cement paste. Similar observation is noted in the degradation trends
of tensile splitting strength.
5. The effects of ASR expansion are not just on the reduction of compressive strength
below its 28-day value, but also on the reduction of strength gain with time after
28 days.

Therefore, the gain of concrete strength with time must be considered

when evaluating the effects of ASR on concrete strength. Relatively good correlation
(R2 = 0.74) is observed between degradation of compressive strength and volumetric
expansion at very high expansion rates when ASR effects are dominant. In contrast,
at low rates of ASR expansion, the effects of cement hydration dominate, and thus a
continuous gain of compressive strength with ASR expansion is noted.

5.2.2

Influence of Mineralogical and Chemical Compositions on
Alkali-Silica-Reaction of Tennessee Limestones

A study was conducted to investigate the influence of mineralogical and chemical composition
of 26 dolomitic limestone aggregates, collected from four different regions of the state of
Tennessee, on their alkali aggregate reaction, concrete expansion rates, and AAR mitigation.
The aggregates reactivity and concrete expansion potential were determined using mortar
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bar tests (ASTM C1260 and C1567) and concrete prisms (ASTM C1293). Petrographic
examination including optical microscopy and SEM EDS analysis, X-ray powder diffraction,
and chemical analysis using ICP-AES were conducted to study aggregate mineralogy and
their chemical composition. The main findings are summarized below.
1. Most of the silica identified within the limestones in this study are reactive types
including microcrystalline quartz and chert, amorphous silica such as opal, finely
dispersed silica within argillaceous and carbonate matrices such as cryptocrystalline
quartz. The most common reactive silica in the studied limestones is microcrystalline
quartz and chert, which can be detected by XRD as quartz and has good correlation
with chemical analysis results.
2. The chemical composition of dolomitic limestones from Tennessee, namely the silica
content (SiO2 ), shows a strong correlation with the expansion measured in the concrete
prism test, indicating that most of the silica within Tennessee limestones are reactive.
3. The early and highly expansive aggregates are characterized by a high clay/ mica
content (> 5%) which appears as a small basal diffraction peak on XRD patterns
around 2θ of 8.5 degrees. Those aggregates are part of large geological formations
known as St. Louis Limestone and Warsaw Limestone within Macrostrat plateform.
4. Concrete structures built with early and very early expansive dolomitic limestones may
show ASR distress within the first 5 or 10 years of construction.
5. At a relatively slower rate of ASR development, ASR mitigation is more effective
than that in concrete with higher rate of expansion. In this study, 25% fly ash class
F was required to mitigate the reactivity of late expansive and moderately expansive
aggregates. For early and very early expansive aggregates, 30% fly ash replacement was
adequate to maintain the expansion below 0.1% at 14 days for Tennessee limestones.
6. Certain arenaceous limestones from Tennessee can contain large amounts of insoluble
silica but the silica mainly occurs as well-crystallized clastic (or detrital) quartz grains
dispersed in carbonate matrix or groundmass. Such rocks do not cause substantial
AAR-related expansions in concrete.
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5.2.3

Influence of Microstructural Features of Granite Aggregates
on ASR

In this study, image processing techniques were used to study microstructural features of
granite aggregates, namely the mineralogical composition, quartz grain size and disrubution,
and quartz grain and sub-grain boundaries. Results from reliable expansion test such as the
concrete prism test (ASTM C1293) were used to establish novel characteristics limits for a
non-reactive, slowly reactive , or highly reactive aggregates. The main findings from this
study are summarized below.
1. Using image processing for analyzing quartz grain size can provide comparable results
to those obtained from the traditional petrographic methods. Grain size mapping using
image processing can provide useful information on whether the grain size distribution
is a homogeneous mix of small and large fractions or a result of rock deformation and
recrystalization process (i.e. formation of small quartz crystals from large grains). This
information is important for aggregate characterization as ASR reactivity of aggregates
depends mainly on the degree of deformation.
2. Granite aggregates with a mean quartz grain size of less than around 110 − 120 µm
and a median quartz grain size of less than around 90 − 95 µm likely exceed the 0.1%
expansion limit on ASTM C1260 and the 0.04% expansion limit at one year on ASTM
C1293. The non-reactive particles show a mean quartz grain size of around 150 µm
and a median quartz grain size of around 115 µm.
3. Grain size of quartz can only provide an indication of possible aggregate reactivity.
However, the amount and distribution of quartz need to be considered to confirm
aggregate reactivity and the potential expansion of an aggregate. Results from this
study indicate that an increase in the amount of quartz <60 µm shows a corresponding
increase in the ASR expansion. The amount of quartz between 60 − 130 µm and
>130 µm does not provide an indication about aggregate reactivity on expansion tests.
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4. Granite aggregates with more than 7% of quartz <60 µm likely exceed the 0.04%
expansion limit at one year on ASTM C1293, the same limit is applicable for the 14
days expansion on ASTM C1260.
5. The average amount of quartz <60 µm in the samples within this study is less than
5% for non-reactive samples, around 10% for a slowly reactive sample, and between
17% to 33% for moderately to highly reactive samples.
6. The reactivity of granite aggregates within this study is influenced mainly by the
deformation features such as the reduction of grain size of quartz, development of
sub grains and sub grain boundaries, and the development of foliation. The following
diagram (Figure 5.1) is developed based on the main features of reactive aggregates in
this study to help assess the reactivity of similar aggregates.
7. The mineralogical composition of the five aggregate samples were determined using two
methods, mainly the amount of quartz, mica , and feldspar: (A) Image segmentation of
electron microprobe elemental maps (Si+K+Fe) collected on thin-section samples; and
(B) and X-ray powder diffraction of powder samples. These methods show consistence
in identifying the variation between the five samples.

The variation (differences)

between the results from the image analysis method and the XRD method is between 18% for homogeneous sample without significant deformation and with low mica content,
between 1-10% for homogeneous deformed sample with high mica content, and between
2-20% for heterogeneous deformed samples.
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Figure 5.1: The influnce of aggreagte features on ASR
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The X-ray powder diffraction underestimates the amount of mica in the samples,
possibly attributed to the tendency of mica to have a preferred orientation or lack
of random orientation in a powder sample.
8. The Lazy Grain Boundary (LGB) method has been used for creating grain maps for
minerals within the aggregates samples. The input requires six images with cross
polarizer and lamda-plate inserted taken at 0, 30, 60, 90, 120, and 150 degrees by
rotating the microscope stage. This method has been used mainly to study the grain
size of quartzite aggregates (containing quartz mostly). In this study, the applicability
of LGB method was extended to other types of rocks that contain several minerals
(e.g. rocks contain quartz, feldspar, and mica). Segmentation of quartz phase can
be achieved by multiplying the grain map of minerals by a binary image of quartz
phase obtained from other instrument (i.e. electron microprobe, XRF, etc). Images
resolutions are recommended to be similar to minimize errors.

5.3

Proposed Future Study

The author is proposing a dissolution experiment on the same aggregate samples in this
study to further advance the understanding of silicate minerals dissolution behavior (such
as mica and feldspar) in the alkaline environment. Previous studies indicated that altered
mica and K-feldspar might contribute the ASR of aggregate by releasing alkalies to the
system. This is also observed in this study by monitoring the corrosion of aggregate surface
in an alkaline environment. Initial observation indicated that mica in significantly deformed
rock shows high corrosion tendency than one in relatively undeformed rock, see Figure 5.2.
Recrystallized feldspar grains showed signs of dissolution as well. This suggests that, it is
not only the quartz features that contribute to ASR, other minerals such as feldspar and
mica might have contribution to ASR. However, no studies have been conducted to quantify
the contribution of these minerals into ASR.
In addition, more aggregate samples will be examined in future study to represent wide
range of rock types used in concrete.
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Figure 5.2: Corrosion test observations on mica and feldspar
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A

Aggregate Samples and Thin Sections

A.1

Images of Aggregate Samples and Thin Sections

Figures A-3, A-5, A-7, A-9, and A-11 show the aggregate samples for Granite#31 , #14 ,
#35 , #39 , and #36 , respectively.
Figures A-4, A-6, A-8, A-10, and A-12 show the thin-sections for Granite#31 , #14 ,
#35 , #39 , and #36 , respectively.

217

Figure 3: Aggreagte sample of Granite#31
218

Figure 4: Thin section of Granite#31 (2x3 in. , and (30 µm) Thick

219

Figure 5: Aggreagte sample of Granite#14
220

Figure 6: Thin section of Granite#14 (2x3 in. , and (30 µm) Thick

221

Figure 7: Aggreagte sample of Granite#35
222

Figure 8: Thin section of Granite#35 (2x3 in. , and (30 µm) Thick
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Figure 9: Aggreagte sample of Granite#39
224

Figure 10: Thin section of Granite#39 (2x3 in. , and (30 µm) Thick
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Figure 11: Aggreagte sample of Granite#36
226

Figure 12: Thin section of Granite#36 (2x3 in. , and (30 µm) Thick
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Figure 13: Micrograph of thin section of Granite#31 under cross-polarized microscopy
228

Figure 14: Micrograph of thin section of Granite#14 under cross-polarized microscopy
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Figure 15: Micrograph of thin section of Granite#35 under cross-polarized microscopy
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Figure 16: Micrograph of thin section of Granite#39 under cross-polarized microscopy (with lamda plate inserted)
231

Figure 17: Micrograph of thin section of Granite#36 under cross-polarized microscopy
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A.2

Elemental Maps and BSE Images for Aggregate Samples

Figures A-18, A-19, A-20, A-21, and A-22 show the elemental maps and BSE images as
collected from EPMA for aggregate samples for Granite#31 , #14 , #35 , #39 , and #36 ,
respectively.

Figure 18: Elemental maps and BSE image for Granite#31: a) Si map, b) K map , c) Fe
map, d) BSE image
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Figure 19: Elemental maps and BSE image for Granite#14: a) Si map, b) K map , c) Fe
map, d) BSE image
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Figure 20: Elemental maps and BSE image for Granite#35: a) Si map, b) K map , c) Fe
map, d) BSE image
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Figure 21: Elemental maps and BSE image for Granite#39: a) Si map, b) K map , c) Fe
map, d) BSE image
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Figure 22: Elemental maps and BSE image for Granite#36: a) Si map, b) K map , c) Fe
map, d) BSE image

237

Vita
Ammar Elhassan is a Graduate Research and Teaching Assistant in the Department of Civil
and Environmental Engineering at The University of Tennessee, Knoxville, USA. He received
his BS degree in Civil Engineering from the University of Khartoum, Sudan in 2010, and
his MSc degree from the University of Tennessee at Chattanooga, Tennessee, USA in 2014.
Elhassan research interests include durability of concrete materials, structural assessment of
aged structures, and development of high performance concrete mixtures. Elhassan has two
kids, Layan (4.5 years) and Yamin (1 month), at the time of writing this dissertation.

238

